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October 28, 1889. 

ANNUAL GENERAL MEETING. 
Mr J. W. Clark, President, in the Chair. 

The following Fellows were elected Officers aud new Members 
of Coancil for the ensuing year : 

President: 
Mr J. W. Clark. 

Vice-Presidents : 
Dr Bouth, Prof. Babington, Prof. Liveing. 

Treasurer: 
Mr Glazebrook. 

Secretaries: 
Mr Larmor, Mr Harmer, Mr Forsyth. 

New Members of Council: 
Prof. Cayley, Prof. Darwin, Prof Lewis, Dr Gaskell. 

VOL. VII. PT. I. 1 



2 President's Address, [Oct. 28, 

The names of the benefactors of the Society were recited by 
the Secretary. 

On the motion of the President, seconded by the Treasurer, 
it was resolved : — That during the ensuing session the meeting of 
the Council of the Society be fixed for 4 o'clock in the afternoon; 
that the meeting of the Society be fixed for 4.30, when tea will 
be provided, and that the formal business of the meeting be taken 
at 5 o'clock. 

The President delivered the following address : 

I rise, according to custom, to say a few words at what would, 
under ordinary circumstances, be the close of my first year 
of office as your President It happened, however, that in con- 
sequence of the lamented death of Mr Goutts Trotter I was 
elected on Mond^, 30 January, 1888, instead of at the usual time 
in November. I have therefore had the honour of holding the 
office for a year and nine months. 

During that period the Society has pursued the even tenour 
of its way, undisturbed by revolutions or dissensions, but at the 
same time giving signs of vigorous and healthy life. It is evident 
that we can no longer expect that a majority of those elected to 
College Fellowships in this University will seek the further dis- 
tinction of our Fellowship, almost as a matter of course, as they 
used to do; but it may still be a subject of congratulation that 
our annual recruits make up in quality for defects in quantity; 
and, if I am not too sanguine, I think that the ancient popularity 
of our Society may, at any rate to some extent, be revived. 

Our meetings have been well attended; but it seems to me 
that it might be possible to render them still more attractive, and 
so to make them fortnightly gatherings of those who, being in- 
terested in scientific pursuits, are anxious to meet persons of 
tastes similar to their own. With this object in view a proposal 
will be submitted to you. for changing the hour of meeting. You 
remember that in 1881-82 the hour was changed from eight in 
the evening to three in the afternoon. That change was received 
with approbation; but since then it has been represented to the 
Council that a further change to a somewhat later hour in the 
afternoon would now be more convenient. It is now, therefore, 
proposed to meet at half-past four ; and further, to offer, before 
the meeting, that refreshment which, in all circles^ whether rich 
or poor — scientific, literary, or social — offers a resting-place be- 
tween lunch and dinner — or between dinner and supper — namely, 
tea. It was remarked long ago that "great events from little 
causes spring;" so let us hope that this innocent beverage, which 
has not» as yet, fallen under the ban of any school of reformers, 
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may operate as a cbarm to bring our members together, and pro^ 
mote the ends we have in view. 

There is another matter to which I would briefly allude— our 
Library. The importance of having a central scientific Library 
in these buildings, in addition to departmental libraries, has long 
been recognised in principle; and I cannot but think that when 
the practical usefulness of it becomes more widely known, members 
of the University will gladly support it by becoming Fellows 
of the Society. At present the number of students who use it 
steadily increases ; but I am sorry to say that the power of the 
Society to support it is diminishing. In this year it became 
necessary to ask the Museums and Lecture Booms Syndicate to 
defray the cost of certain periodicals which had heretofore been 
borne by the Society. This the Syndicate agreed to do ; but I 
ih'oald remark that, while they fully recognise the value of the 
Libraiy, and are willing to spend money liberally upon it, the 
funds at their disposal are by no means large, having i*egard to 
what they have to do with them. Meanwhile the Library is 
deficient in numerous works which are being continually asked 
for, and which neither the Society nor the Syndicate are rich 
eoourii to purchase. 

The smallness of our funds operates to our disadvantage in 
another way — we are unable to illustrate our publications as fully 
as is desirable. You will, I am sure, give credit to those in charge 
of our Proceedings for the pains they bestow upon them, and for 
the praiseworthy rapidity with which they are circulated. A 
number of the Proceedings completing Vol. vi. is now on the 
table; and a part of the Transactions, completing Vol. xiv. is 
now ready. 

I beg to return my most cordial thanks to the Council and the 
officers of the Society for the assistance they have rendered to 
me personally; and I am sure that you will recognise the admirable 
zeal with which they have discharged their duties to the Society. 
The Treasurer, Mr Qlazebrook, should be specially congratulated 
on the success which has attended his efforts to obtain payment 
of arrears of subscriptions due to the Society. 

Lastly, it is my duty to record the names of those Fellows of 
the Society whom we have lost by death during the past year. I 
will take tiiero in the order of seniority. 

The Rev. Richard Okes, D.D., Provost of King's College. 

The Rev. Benjamin Hall Kennedy, D.D., Regius Professor of 
Greek. 

William Henry Drosier, M.D., Fellow of Qonville and Caius 
College. 

The Rev. Churchill Babington, D.D., formerly Fellow of St 
John's College. 

1—2 
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John Reynolds Vaizey, M.A., Peterhouse. 

Besides these, we have lost one honorary member : 

James Prescott Joule, F.R.S. 

It had been my intention to attempt a short biography of 
each of these; but I found that I had neither time nor materials 
to perform such a task eflSciently. Moreover, they are for the 
most part too well known, and too intimately connected with 
this University, to need such commendation. It would, however, 
be a personal satisfaction to myself to remind you that in Mr 
Vaizey — who died from the results of an accident at the begiDning 
of this year — ^the Biological School has lost an energetic worker, 
whose usefulness as a teacher had been already recognised, and 
who, had he lived, would probably have risen to eminence in his 
own special science, Botany. 

The following Communications were made to the Society: 

(1) On Newton's description of orbits. By Charles Taylob, 
D.D., Master of St John's College. 

The Master drew attention to the fact that the problem of 
constructing a Conic Section to satisfy given conditions has been 
treated incidentally with great power and considerable complete- 
ness in the Principia. A comparison was made between the 
methods of Newton and the more modern methods: and some 
improvements were suggested. The way in which Newton passes 
from cases of real intersection of lines with conies to cases in 
which real points of intersection do not exist, strongly suggests 
the question whether he had possession of the idea of imaginary 
points, which is usually ascribed to a much later period. 

(2) On impulsive stress in shafting^ and on repeated loading. 
By Prof Eakl Pearson, University College, London. 

(3) On Liquid Jets and the Vena Contracta, By H. J. Sharpe, 
M.A., St John's College. 

1. When liquid flows out of a vessel through an orifice, a 
liquid particle in contact with the vessel describes an ordinary 
stream-line as long as the particle is within the vessel, but the 
moment it escapes through the orifice, this stream-line suddenly 
becomes also a line of constant velocity, if no force acts on the 
liquid. In the solutions presently to be given, which are capable 
of infinite variety, the coincidence between the outer stream-line 
of the jet and a line of constant velocity is not (as in Kirch hoflF's 
solutions) mathematically perfect, but (even near the orifice, 
where it is most imperfect) can be made, as will be seen from 
examples, very close, and as we pass along the jet, becomes very 
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rapidly nearly perfect. If the position of the orifice (subject 
however to the limitation that the coefficient of contractoin must 
be >^) be arbitrarily chosen, it will be seen that it can be so 
chosen as to make the coincidence as close as may be desired. If 
however, which seems the more correct course, it be chosen from 
a consideration presently to be given (Art. 5) it is not easy, I 
think, to say for certain whether the above-named coincidence 
can be made as close as may be desired. It is an interesting ques- 
tion which remains for solution. The motion is in two dimensions 
and everywhere finite. The species of vessel for which solutions 
are obtained may be described generally as a canal, whose sides 
up to a certain point are straight and then turn off abruptly at 
right angles into a curve towards an orifice, at the axis of the 
canal, on each side of which the fluid motions are symmetrical*. 
The jet ultimately approaches an asymptote parallel to its axis. 
The ratio of the breadth of the vessel to the ultimate breadth 
of the jet can be made anything we like, but we shall always 
suppose it an even integer. 

2. Liquid is supposed to be flowing from right to left, roughly 
speaking parallel to the axis of a, which is taken as the axis of 
the vessel and jet. The stream-line AFBH is taken for the 
boundary of the vessel. Fig. 1 may be taken as the type of the 
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general case. OE is always tt, and OB, OD submultiples of 7r. 
In figures of which fig. 2 is a type B and D coincide. At present 



• It will be seen, however (Art. 6), by an obvious extension of the method, that 
it is not confined to canals having this peculiarity, but is applicable also to canals 
having flowing curvilinear boundaries. 
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the only limitation we shall put upon the position of the orifice 
H is that its ordinate must not exceed twice OD. 




X' 



o 



3. Different analytical expressions, containing an arbitrary 
number of arbitrary constants, will be assumed for the velocities 
on either side of 6y, but it will be shewn that they can be so 
chosen as to make the velocities on either side of Oy continuous, 
and leave any required number of arbitrary constants to satisfy 
conditions now to be given. It will be shewn that in all cas^ 
the equation to BHG can be expressed in the form (putting, for 
brevity, z for €*), 



(1). 



(2). 



y = a — Cj2r sin y — i cjs^ sin 2y — &c. 
and the velocities on the left of Oy in the form 

— --T = 1 + Cji: cos y + cjs^ cos 2y + &c., 
-J = c^z sin y + cjn^ sin 2y + &c., 

where of course a is the ultimate value of Cx', We are concerned 
only with the velocities at all points along HC, so that x and y 
in (1) are the same as x and y in (2). As z is less than 1 we can 
solve (1) so as to express y in a series of ascending powers of z. 
We shall have therefore at every point of HC to the second order 
of approximation 

y = a — Cj2rsina + &c (3), 



-r5(it"+ v*) = 1 + 2Cj^ cos a + &c. 



w- 
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If a 3S w/2 the coefficient of z vanishes, and it will be shewn that 
the remaining disposable constants can be so chosen as to make 
the coefficients of j^, z*, &c. (any desired number of them) also 
vanish. 

Next suppose that c^ = 0, then to the third order of approxi- 
mation 

-n (u*+ 1;*) = 1 + 2c^ cos 2a + &c. 

If a = 7r/4 the coefficient of s^ vanishes, and if there are con- 
stants enough, the coefficients of 2^, z^, &c, could be made to 
vanish. And generally if Cj , c, . . . c^^ vanish, then to the (m + l)th 
order of approximation 

■ji (w* + «•) = 1 + 2c^i;"* cos ma (6), 

and if a s Tr/2m the coefficient of sT vanishes, and the coefficients 
of z"** &c. could be made to vanish. 

We have supposed at first, for simplicity, all the powers of z 
in (I) to exist, but in every case we shall find that many are 
wanting. For instance, after the first few terms, only even mul- 
tiples of y may occur — or again multiples of 6y. Again, even if 
(1) is complete, yet it will be found that if a = 7r/2, (3) will 
consist only of odd, and (4) of even powers of z. This considera- 
tion not only simplifies the work, but also enables us with greater 
ease to make (u' + v*) constant to a higher degree of approxi- 
mation. 

4. We shall now shew how to make the velocities on either 
side of Oy continuous. We shall take the case to which fig. 2 
refers, where OB is 7r/2 and where the ultimate value of Cx' is 
OB. I give thiis case, not only because it is one of the first I 
solved, but because I believe it exhibits the method under the 
greatest disadvantages, and yet it will be found that the approxi- 
mation obtained is very close. 

We will take for the stream function ^^, and the velocities on 
the left of Oy, 

- -1^ = — u = ttjC* cos y + a^(^ cos 3y + 2a^€*" cos 2ny + A 

- -p = t; = ttjC* sin y + a^e^ sin 3y + Xa^e**' sin 2ny 

S indicates summation for all integral powers of n from 1 to x . 
Only two odd multiples of y appear in the above, but it must be 
distinctly understood (in fact it is the characteristic feature of the 
present method) that any number of any odd multiples of y could 
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be similarly used, and each assumption would give a distinct case. 
The same also must be understood for the stream function and 
velocities presently to be assumed on the right of Oy. 
Then the equation to BHC is 

a^€* sin y + ^a^e^ sin 3y + 2 ^ e*** sin 2ny 

Since the ultimate breadth of the jet is supposed to be 7r/2, we 
must have 

at-K = (S). 

It will be convenient to replace a^, a^ each by two new quan- 
tities, such that 

«i = «i + A» cr.s-»8 + ^8 (^)' 

Then when x = 0, we have at every point of OB, on the left of Oy 

-w = (a, + ilJcosy+(a3-|-^3)cos3y + 2a^cos2ny + ^) .^^. 
v = (a^ + A^) sin y -h («» + -4,) sin 3y 4- Xa^ sin 2ny ) 

On the right of Oy assume for the velocities 

- ^ = - w = 6j€"* cos y -f- ftje'** cos 3y + 26^€"*"' cos 2wy + B 

— -j^ = i; = - 6^6"* sin y - 636"" sin 3y - Xb^e'^ sin 2ny 

It will be convenient to replace b^, 5, each by two new quan- 
tities, such that 

K^^i-^v ^ = «8- ^« (12). 

Then when a? = 0, we have at every point of OB^ on the righi 
ofOy, 

— tt = (oTj — A^) COS y + (a, — -4,) cos 3y + 26^ cos 27iy + B' 

^ = - («i - ^1) sin y - (or, -A^) sin 3y - 26,. sin 2ny 

By Fourier's theorem, suppose we have, from y = to 7r/2, 

2-4j cosy +2-43 cos 3y=p + 2j9^ cos 2ny (I*)- 

This will be true at both limits. Then the first equation of (10) 
will be identical with the first equation of (13) if 

««»-^«n+i^«H=0 (15), 

J-i? + p = (16). 



f (13). 
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Again, by Fourier's theorem, suppose we have from « =» to 

2a, sin y + 2a, sin 3y = S^'^ sin 2wy (17). 

This will be true at both limits if 

«i-«. = (18). 

Then the second equation of (10) will be identical with the second 
equation of (13) if 

«^ + ^«» + !72» = (19). 

Then if the constants satisfy equations (15), (16), (18), (19) the 
motions on the left and right of OB will be continuous. 
From (11) the equation to AFB is 

i.e"* sin y + J i.c-** sin Sy + X^ e"*"* sin 2ny 

+ 5y = 6,-| + ^...(20). 
5. We will now suppose that 

^-3=-2" (21). 

When (21) is fulfilled, the stream-line AFB will consist of an 
infinite straight line AF, whose ordinate is tt, and a curved portion 
FB. The peculiaritv at F will be presently explained. It must 
be carefully observed that AF is not an asymptote. 

It will be found that we get the following relations 
«! = «! + ^i> «. = - 15 - (l7cL^ + 164 J, 

a, = 32, + 34„ a, = - jA_ (61a, + 644 J, 
«t. 2 f / 4?i 4;i + 12\ ^ / +2 18 \) 

i. a. - 3^ „ K = ^^.^ (29a, + 64^ ,). 

^ 16a, „ 8a, 
^=-3,r' ^=3^ (22). 

It will be noticed that for moderately large values of w, a 
and b^ ultimately vary as l/u\ so that all the series employed 
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are convergent even for points very near Oy. I believe this 
property is common to all the solutions obtained by the present 
method. It is interesting to notice that unless we assumed the 
equation (18) to hold, we could not establish the obvious relation 

6. We will now make the curve HO as far as possible 
identical with a line of constant velocity. It will be convenient 
to put for shortness ^ =z, 

aJA = c,, aJA = c,, aJA = c,, &a 

Then (7) can be written 

y = 2 - V sin y - Jc^ sin 2y - &c (23), 

and from (6), 

— -J = 1 + Cj-? cos y + c^ cos 2y + &c. 



V 



-J = Cj-2: sin y + c^ sin 2y + &c. 
In (23) expressing y in terms of z, we have 

y = |-C,2r+(ic,»-CjC, + Jc,);2» + &C 



(24). 



(26). 



It will be found that this series consists only of odd powers of Zy 
the simplification arising from our having taken 7r/2 for the ulti- 
mate breadth of the jet. If we now substitute the above value 
of y in (24) and form the value of w* + 1;*, we shall get 

i,(u« + t;»)=l + (3c,'-2c.)^' 

+ (-|^/ + 8c,'c, + c,*-^c,C3 + 2cJ^* + &a...(26). 

the series consisting only of even powers of z. 

If we want to carry the approximation to the fourth order, we 
shall have to cause the coefficient of s^ here to vanish. This will 
give us for determining the ratio of J. ^ to a^ the equation 

Solving this equation we get 

^yaj = -l-0635 or - 40127 nearly (27). 

Either of these gives a solution. If we take the first, we see 
from the equations (22) at the end of Art. 4, that all the quan- 
tities a^ a,, a,, a^ are small, therefore the curve BBC clings all 
along very closely to its asymptote. 
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From equations (6) or (11) we shall get for the direction of 
the fluid motion at B, 



u 10 \ a^J 



For the first solution this hecomes - 06, and for the second - 2'84. 

If we wished to carry the approximation to the sixth order, we 
should have to introduce terms with the sine and cosine of 5y in 
(6) and (11) and make the coeflScient of ^* in (26) vanish. This 
solution would involve two arbitrary constants. 

By making in addition the coefficient of 2^ in (26) vanish we 
could carry the approximation to the 8th order, and the solution 
would involve one arbitrary constant. 

7. We proceed now to discuss the solutions obtained. And 
first for the point JP, where there is a peculiarity which was 
pointed out to me by Sir George Stokes. 

From (20) the equation to AFB can be written (putting for 
shortness z for e''), 

BQ/-7r)^b^zaui(t/-7r) + ib^Bin9(y-7r) 

-.S--^sin2n(y-7r) (28). 

Dividing out by (y — tt) and then putting y = 7r, we get for deter- 
mining the abscissa of F, 

B^b.z + b/^lb^z"' (29). 

For the first solution in (27) this gives us z = '58, from which we 
get a? = 23/43 nearly. 

Further it will be seen from (28) that for points near F, z 
does not vary, for on account of the values of z and b^ (see 
end of Art. 4) the series converges pretty rapidly. Therefore 
the stream-line turns sharply at right angles at jP. This curious 
result may be further corroborated simply by comparing the first 
equation of (11) and (29) from which we at once get w = at ^. 
It may be noticed that tue are not compelled to make the ultimate 
ordinate of the stream-line on the right of Oy equal to w. For 
instance, in the present case, we arbitrarily assumed (21) to hold. 
If we did 710^ assume this, the outer stream-line on the right of 
Oy would have no sharp comer. The ultimate ordinate however, 
whatever it is, must not exceed ir, otherwise the motion would be 
discontinuous. 

8. Kirchhoflf has shewn (Lamb's Motion of Fluids^ Art 96) 
that at such a point as H (where the motion of the fluid having 
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been restricted suddenly becomes free) the radius of curvature 
should be zero in the true solution. In the present approximate 
solutions we cannot of course expect this to hold. But I am 
inclined to believe that in all solutions obtained by the present 
method there will be found on the line BHG (near where we 
might expect the orifice to be) a point where ths radius of curva- 
ture is a minimum, and here I propose to place the point H, At 
any rate there is such a point in the case of the first solution in 
(27), as we proceed to shew. 

From (25) putting in it Cj=|Cj* and from (8) c^^da^, the 
equation to BHG is 

y = f-c,£r + (-c,» + cJ«' + i&c (30). 

From (27), &c. 

It is evident therefore that c^ is small and that (30) may be ap- 
proximately written 

y = |"-c,(£r-^)4-&c. 

As dyfdx is always small all along BHG, we may get sufficiently 
near the point required by finding the point where d^yjdsf is a 
maximum. We see at once that this is got from the equation 
^ is equal to 1/27 which gives a?=— 71/43 nearly for the abscissa 
of H, We can readily see that at H the curve is convex to the 
axis and that a maximum value of d^yjd^x? has been obtained, 
also that the coefficient of contraction is '99545. 

9. It will now be interesting to calculate the limits of error 
in the velocity at the point H. From (26) it can be shewn that 
the coefficient of z*^ reduces to 

J/2^c;-26c,*+2c,. 

This is equal to "1654 nearly. Therefore at the point H only 
•000011 of the velocity is variable. Of course as we pass to the 
left of H this small proportion rapidly diminishes. 

10. If we examine equation (20) we shall find that the curve 
FGB cuts the line y = 7r/2 in a point whose abscissa is about 
3/43. Also if we imagine two points on the same curve whose 
ordinates are 47r/6 and 57r/6 we shall find that their respective 
abscissae are about 16/43 and 36/43. 
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November 11, 1889. 

Dr Gaseell in the Chaib. 

The following Communications were made: 

(1) On the Varieties and Geographical Distribution of the com- 
mon Dog-Whelk {Purpura lapillus L.). By A. H. Cooke, M.A., 
King's College, 

The author, while unable to advance any satisfactory theory 
to account for colour variation, held that variations oiform largely 
depended upon the station occupied by the animal. Shells occur- 
ring in exposed situations (e.g. Land's End, Scilly Islands, coasts 
of N. Devon and Cornwall) were stunted, with a short spire and 
large mouth, the latter being developed in order to increase the 
power of adherence to the rock, and of resistance to wave force. 
Shells occurring in sheltered situations, estuaries, narrow straits, 
&a where there was no severe wave force to encounter, were of 
great size, spire well developed, mouth small in proportion to 
area of shell. This view was illustrated by series of specimens 
collected at various points on the British coasts. 

With regard to the question of geographical distribution it was 
shewn thatPurpura lapiUus (a "north temperate" species) occurred 
on the East Aisiatic coasts from Behring*s Straits to Hakodadi 
(41°), on West European coasts from North Cape to Mogador 
(32°), not entering the Mediterranean, on East American coasts 
from Greenland to Newhaven (42°), and on West American coasts 
(assuming the identity of the West American Purpuras with 
lapillus) from Alaska to Margarita Bay (24°). Thus on the two 
western coasts it had a far more southern ran^e than on the two 
eastern. The author regarded this fact as due to the direct 
iufluence of the surface temperature of the ocean. The mean 
annual temperature (taken from the Meteorological Society's 
charts) of the suri'ace water at Hakodadi was 52°, with an extreme 
range of 25°; that of Mogador was 66°, extreme range only 8°; 
that of Newhaven was 52°, extreme range 30°; that of Margarita 
Bay 73°, extreme range only 5°. Violent changes of temperature 
were fatal to life, zones where such changes occurred acted as 
barriers to distribution; it was possible on the other hand for an 
organism to bear a gradual change from cold to extreme heat. 
On the western coasts of Europe and America the change from 
cold to heat was very gradual, heoce the Purpura had been able 
to creep as far south as 32° in the one case and 24° in the other; 
while on the opposite eastern coasts, where the Atlantic and 
Pacific Gulf-streams caused a sudden change in the temperature 
of the surface-water, the species was barred back at a point many 
degrees further north. 
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(2) On the increase in thickness of the stem of the Cv/mrbiUicea. 
By M. C. Potter, M.A., St Peter's College. . 

The Order Cvcurbitacea^ consists for the most part of her- 
baceous plants climbing by means of tendrils; like many other 
dimbing plants, the members of this order have an anomalous 
distribution of the fibro- vascular bundles in the stem; the bundles 
being arranged in two concentric rings, and each individual bundle 
being bicollateral, with phloem both on its external and internal 
sides. (Fig. 1.) 

The structure of these stems was first described by Hartig* 
and then by von Mohlf and has been the subject of investigation 
by various botanists, most of whom have confined their attention 
to the structure and contents of the sieve tubes. BertrandJ how- 
ever has described the manner in which a cambium between the 
xylem and both inner and outer phloem adds respectively both 
xylem and phloem to the bundle, whilst Petersen §, in his article 
on Bicollateral Bundles, gives a short account of the increase of 
the stem of Zehneria suavis; stating that there is no interfascicular 
cambium, but that while the bundles increase the cells of the 
medullary rays increase passively in a radial direction and finally 
divide. With this statement de Bary || agrees. FischerlT also 
says that there is no interfascicular cambium present whereby 
these stems can increase in thickness. The fact that all the 
investigated species of Cucurhitacece have been herbaceous ex- 
plains why the interfascicular cambium has hitherto not been 
described. 

Lately I have had an opportunity of investigating the woody 
stems of Cephalandra indica (Naud.), Trichosanihes villosa (BL) and 
T, anamalayana (Bedd.), and find that they increase by a well- 
marked interfascicular cambium. The stems of these plaiits agree 
with those of the other members of the order in possessing the 
two rings of bicollateral bundles (fig. 1), but difier in having no 
ring of sclerenchymatous tissue between the epidermis and vas- 
cular bundles. The structure of these species being similar in all 
respects it will only be necessary to describe the stem of Cepha- 
landra indica. 

Cephalandra indica, a climbing woody plant, reaches to a 
considerable height and its stem, which is perennial, attains to 
several inches in diameter. In its young stage the stem contains 

 BoU Zeii, 1854. 

t BoU Zeit. 1865. 

•^ ** Theorie da faisoean," Bull. Set. du dSpartement du Nord, 1880. 

§ Engler Bot. Jahrb. vin. p. 374. 

II Comparative Anatomy, English edition, p. 456. 

il Untenuchnnffen liber das Siebriihren-Bystem der Cucurhitaceeny p. 6. 
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ten fibro-vascular bundles in two concentric rings, the five inner 
baodles being larger than the five outer ones (ng. 1). The stem 
increases slowly for some time, because the cambium on the outside 
as weQ as on the inside of each bundle adds xylem and phloem 
to the bundle; the cells of the medullary rays increase radially 
and divide. Thus far Cephalandra is similar to the herbaceous 
members of the order. The latter, being annuals or at least not 
requiring a continual enlargement of the stem, have no provision 
for such, increase, whilst Cephalandra being woody and perennial 
requires means whereby its stem can continue to grow, and there- 
fore by division of the cells of the medullary rays adjacent to the 
bundles and contiguous to the outer cambium cells there is formed 
an interfascicular cambium (fig. 2a). This interfascicular cambium 
soon stretches from bundle to bundle across the medullary rays 
(see dotted line fig. 1), and its development agrees with that of 
normal Dicotyledons. After the completion of the ring of inter- 
fascicular cambium, xylem is formed on the exterior of the existing 
xjrlem, and phloem on the interior of the outer phloem and secondary 
medullary rays are formed in the xylem in the normal manner 
(Plate II. fig. 4 mr,). The stem therefore grows in the same 
manner as a normal Dicotyledon. The cambium which is placed 
on the inner side of the xylem ceases to produce new elements 
about the time the interfascicular cambium is formed, and finally 
disappears; so that the internal phloems are left at the centre of 
the stem and do not undergo further increase. 

Tlie above description shews that the mode of increase of the 
stem of Cq>halavdra indica corresponds exactly with that of a 
normal Dicotyledon in which no intermediate bundles are formed, 
inasmuch as each possesses a cambium which forms on its inside 
xylem and medullary rays, and on its outside phloem and paren- 
chyma. But the stem of the former differs in the primary ar- 
rangement of the bundles in two rings and in having some phloem 
on the central side of the xylem. It would seem therefore that 
de Bary's* view that the two concentric rings of bundles in the 
stem behave as a single ring curving alternately outwards and 
inwards is correct. 



EXPLANATION OF PLATES I AND II. 

Fig. I. Diagram shewing position and relative size of the fibro- 
vascular- bundles of the stem of CepJudandra indica, 
i'A = Phloem, Zy= Xylem, the wavy line indicating where 
the interfascicular cambium will be formed. 



* Comparative Anatomy , Euglish edition, p. 456. 
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Fig. 2. Portion of stem of Cephalandra indica shewing two interior 
and one exterior fibro-vascular-bundle. a cells dividing to 
form the cambium. C centre of stem. Si sieve-tubes. P 
the peiiphery. 

Fig. 3. Portion of an older stem of Cephalaridra indica, c centre of 
stem. Si sieve-tubes, cam cambium, ph position of interior 
phloem of two other fibro-vascular-bundles, mr^ primary 
medullary ray, mr^ secondary medullary ray. 

(3) On the Spinning Apparatus of Geometric Spiders. By C. 
Warburton, B.A., Christ's College. 

The structure of the external and internal spinuing organs of 
the EpeiridcB was described, and the special functions of the 
several distinct kinds of spinning glands investigated. 

The Ampullaceal glands were shewn to be the sources of the 
framework and radial lines of the geometric web. The Acinate 
and Piriform glands are those mainly used in binding up captured 
insects. 

A Spider's line is not composed of many strands interwoven 
or coalescent, as has been hitherto believed. It usually consists 
of two or four non-adherent threads, and when more are present 
they do not fuse, but remain distinct, although contiguous. 

The foundation line of the spiral consists of two strands only, 
not adhering on account of their own viscidity, but enveloped in 
a common viscid sheath which subsequently breaks up into bead- 
like globules, and which is probably furnished by the aggregate 
glands. 

(4) A new resvU of the injection of fermerds. By E. H. Han- 
KIN, B.A., St John's College (Junior George Henry Lewes Student). 

The following experiments were performed in Professor Koch's 
laboratory at the Hygienisches Institut, Berlin. Although the 
theoretical considerations that led me to perform these experi- 
ments are by no meauR proved by them, the results appear to be 
sufficiently interesting to publish in detail. 

Experiment 1. Three rabbits, Nos. 11, 12, and 13, were inocu- 
lated with virulent anthrax*. No. 13 served as control and died 
in 36 hours of typical anthrax. Nineteen hours after inoculation 
rabbits 11 and 12 were subjected to a further treatment No. 11 
had two cubic centimetres of a '1 per cent, solution of trypsin 
injected into the lateral vein of its ear, and No. 12 had two cc. 
of a one per cent, solution of pepsin similarly injected -f-. 

* These rabbits were of medium size, No. 11 weighed 855 grammes. 

t The pepsin and trypsin employed were both obtained from Schering's Griine 
Apotheke, Chauss^ Strass, Berlin. In my later experiments I employed some very 
pure pepsin which I owe to the great kindness of Dr Tbeodor Weyi. 
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Rabbit 12 died 66 hours after its inoculation with anthrax. 
The anthrax bacilli in the lung, spleen, and lymph gland near 
seat of inoculation, instead of appearing in the form of short 
rods characteristic of virulent anthrax, were arranged for the 
most part in long chains as is usual with attenuated virus. The 
chains consisted of as many as 12 and sometimes even more 
joints. Two mice were inoculated from the heart-blood of this 
rabbit, and died of anthrax after the rather unusually long period 
of 60 hours. No. 11 died only 13 days after its inoculation. It 
had slight diarrhoea for some days before its death. Its spleen 
contained but few bacilli arranged in chains generally of six or 
seven but sometimes of as many as fifteen joints. 

Three days after the inoculation of these rabbits another rabbit, 
22, was inoculated from the same culture. The next day three cc. 
of one per cent, pepsin was injected intravenously. The rabbit 
died six days afterwards and its spleen shewed very few bacilli 
aU arranged in chains. 

Experiment 2. Three rabbits were inoculated with virulent 
anthrax. Two days afterwards only one was still alive. It was 
treated with four cc. of one per cent tr3rpsin injected into its ear 
vein. It died four days after its anthrax inoculation. The spleen 
contained numerous bacilli, which were for the most part arranged 
in chains, one of which contained as many as 24 joints. These 
chains shewed signs of degeneration, in that they stained very 
irregularly. In tne same chain some joints were colourless while 
others were deeply tinted. The spleen of this rabbit was par- 
ticularly large, and a great many of the cells contained more 
than one nucleus, while other nuclei had a dotted aspect. Ap- 
parently these appearances indicate an increased rate of nuclear 
division* 

Experiment 3. Professor Koch kindly inoculated for me five 
rabbits, Nos. 26 to 30, each with a large quantity of anthrax 
spores suspended in a normal salt solution. No. 29 served as 
control and died in 36 hours. I injected three to four cc. of one 
per cent, trypsin into the ear vein of Nos. 26, 27 and 28 directly 
afterwards. No. 26 died in the same time as the control. None 
of the bacilli were in very long chains, none of more than six 
joints were seen, while most of the bacilli were exceptionally 
short This &ct and also the way in which they were arranged 
on the slide suggested to me that the bacilli had at first gi'own in 
longer chains, but that at a later period (perhaps when the effect 
of the trypsin had passed away) they had oroken up into separate 
segments. 

* My obBervatioDS were all made on fresh preparations of the gpleen pnlp, to 
which some dUute aqueous solution of methyl blue was generaUy added. 

VOL. VII. PT. 1. 2 



18 Mr E, H. Rankin, On a new result .[Nov. 11, 

No. 27 died in about 50 hours. The bacilli in the spleen 
were rather longer than usual. 

No. 28 died in 21| hours. Unfortunately I have mislaid my 
notes of its post mortem appearances. 

No. 30 had four cc. of one per cent, trypsin injected intra- 
venously the day after it wa« inoculated with anthrax. It died 
in 36 hours and the spleen shewed the bacilli arranged in long 
chains. 

Experiment 4. Five rabbits, Nos. 84 to 38, were as before in- 
oculated by Professor Koch with anthrax spores. Directly afker- 
wards I administered intravenously from one to 3^ cc. of "05 per 
cent, solution of trypsin. 

No. 88 was control and died between 50 and 60 hours after 
inoculation. 

No. 34 weighed 1500 grammes and had one cc. of the above 
solution of trypsin. It died 51 hours after inoculation. Some of 
the bacilli were isolated, but many were in chains of more than 
12 members. 

No. 35 weighed 1507 grammes and had 3^ cc. of the *05 per 
cent trypsin solution. It died in 60 hours, and the bacilli were 
arranged in chains. No. 36 died after 36 hours*. The spleen 
contained very few bacilli and of these some were arranged in 
chains. 

No. 37 weighed 1865 grammes. It had 2^ cc. of the above 
solution of trypsin. It was very ill for some days, but at last 
recovered and is now alive and well nearly three months after the 
operation. The temperature record of this unfortunately unique 
case is very interesting. The day after inoculation the temperature 
was 37°'4 Centigrade, i.e. 2*4 degrees below the normal tempera- 
ture of a rabbit. It remained at approximately this low figure for 
some days, shewing a very gradual rise, and only on the sixth 
day after inoculation had it reached 38''. From this point it 
rapidly rose till on the 11th day after inoculation it was 40''*1. 
On the 12th day it stood at 40°'05, when observation of its tem- 
perature was discontinued. Another interesting point about the 
case was the appearance of pus at the seat of inoculation. On 
the 8th day after the experiment began, a small hard tumour 
about half-an-inch in diameter was found at the seat of inocu- 
lation. On the 13th day a second larger tumour appeared in 
front of the former. This gradually increased in size and was 
found to contain caseating pus. About a week later, no further 
increase in size could be noted. The animal appeared to be ema- 



* I noticed while this rabbit was being inoculated that it had a ooogh. This 
point is worth noting, as I have naually observed that a lung disorder increases 
Busoeptibilitj to anthrax. 
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dated. At the present time it appears to be strong and fat, and 
only a trace of the swellings can be seen. 

Experiment 5. Three rabbits, Nos. 40, 41 and 42, were in- 
oculated with virulent anthrax spores. No. 42 served as control 
and died within 60 hours. Its spleen contained very few bacilli 
which were never anunged in chains of more than six joints. 
No. 40 received five cc. of one per cent, pepsin solution the day 
after inoculation with anthrax. It died after about 60 hours. 
The bacilli in the spleen were mostly in chains of 10 to 20 joints. 
Generally they were arranged in clusters which often surrounded 
a phagocyte. A few phagocytes containing bacilli were seen. 

No. 41 weighed a little over two kilos. It had three cc. of 
the pepsin solution the day after inoculation, another three cc. 
were injected after a few hours, and again six ca on the following 
day. It died 71 hours aft;er its anthrax inoculation. The spleen 
was ftill of bacilli arranged in rows so long as to be difficult to 
count, reminding one of a gelatine culture. Chains of over 30 
segments were noted. 

The above experiments appear to be interesting from several 
points of view, though it must be confessed that they raise more 
questions than they settle. 

In the first place, so far as I know, this is the first time that a 
substance prepared independently of the pathogenic microbe, and 
administered after its advent, has been found to exert an influence 
on the development of the microbe within the body of the animal 
and so on the course of the disease. Since the ferments that I 
experimented with have no special known relation to the anthrax 
bacillus it is to be expected that the same ferments will exert an 
analogous influence on the course of other diseases, which are 
similarly produced by pathogenic micro-organisms. Further I 
have worked with virulent anthrax, a virus which kills 100 per 
cent of the rabbits inoculated with it That is to say, the rabbit 
shews practically no power of resisting the onset of the malady. 
May it not be expected that these ferments will shew a still 
greater power of antagonising the microbe in those diseases and 
with those animals in which the mortality is only 10 or 20 per 
cent? 

Secondly, the above results are interesting from the point of 
▼iew of the phagocyte theory. The upholders of this theory assert 
that natural or acquired immunity against a disease is due to the 
greater activity of phagocytes. But by the injection of ferments 
I have in some cases at any rate endowed the animal with an 
increased power of resisting anthrax virus. The ferments were 
injected into the blood plasma, and in this liquid the bacilli lived 
and were apparently affected independently of any increased 
phagocyte activity. One of these ferments, the pepsin, is at any 

2—2 
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rate a post mortem constituent of most of the animal tissues, and 
I think these experiments seem to uphold a theory first sug- 
gested to me by Dr Lauder Brunton, that the "germicidal power" 
that the animal body seems to possess is connected with the 
power it had of producing ferments. This suggestion that I have 
either increased or closely imitated the natural germicidal power 
by ferment injection is supported by the symptons exhibited by 
rabbit No. 37 which finally recovered. As mentioned above, a 
quantity of pus was found at the seat of inoculation. This is 
rendered interesting by the fstct that a similar effect is produced by 
inoculating with anthrax an adult rat, an animal which is natu- 
rally refractory to this disease. In the case of rabbit No. 37 and 
of a rat inoculated with anthrax we find a large pus formation at 
the seat of inoculation ; that is to say, not increased activity on 
the part of the leucocytes but an increased degeneration of these 
cells. Does it not seem probable that these cells give out certain 
substances (possibly ferments) which hinder or prevent the growth 
of the bacilli till at length they can be devoured like any other 
inert granules by the active phagocytes ? 

Lastly, these experiments suggest another possibility; namely, 
that by injecting ferments, other microbes which cannot easily be 
cultivated outside the body of the animal may be attenuated 
within it. Possibly in this way attenuated tubercule bacilli could 
be obtained which might be used as a means of vaccinating 
against consumption. 

Note. Since communicating the above results to the Society, 
I have succeeded in obtaining similar results by injection of 
Halliburton's cell globulin after inoculation with anthrax. This 
cell globulin is a proteid, obtained from cells of the lymphatic 
glands, which is either identical with fibrin-ferment or very closely 
connected with it. In my experiments with this substance, the 
elongation of the spleen bacilli was not always so marked as 
with pepsin and trypsin, but longer chains could always be found 
in the lymphatic dands near the seat of inoculation. Perhaps 
more of the individual joints were degenerated than in my former 
experiments, and in cases where the chains did not consist of many 
members, the individual joints were often unusually long. I have 
not yet finished this course of experiments, but the results, as far 
as they go, support the view I have enunciated in my paper con- 
cerning the mechanism of the germicidal power ; and the fact that 
two out of three substances which I have employed are probably 
constituents of leucocytes appears to me to be particularly sug- 
gestive. 

December 7, 1889. 
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November 25, 1889. 
Mb J. W. Clark, President, in the Chair. 

The following were elected Fellows of the Society : 

Arthur Berry, M.A., Fellow of King's College. 
H. F. Baker, B.A., Fellow of St John's College. 
K W. Brown, B. A., Fellow of Christ's College. 
C. Warbiirton, B.A., Christ's College. 

The President announced that the adjudicators of the Hopkins 
Prize for the period 1880-82 have awarded the Prize to Mr R. T. 
Glazebrook, F.R.S., for his researches in Physical Optics. 

The following Communications were made to the Society : 

(1) On the relation between Viscosity and Conductivity of 
Electrolytes. By W. N. Shaw, M.A., Emmanuel College. 

It has long been suspected that the resistance offered by an 
electrolyte to the passage of electricity through it, depenas in 
some way upon the viscosity of the liquid. The mere fact that 
the conduction of electricity is in reality convection by moving 
ions suggests of itself that resistance may be the opposition 
offered by the fluid to the motion of the ions. It is not however 
in any way obvious that the resistance which moving ions would 
meet vrith would be identical with the ordinary viscosity that has 
to be overcome when a fluid is driven through a capillary tube ; 
so that when G. Wiedemann, in 1856, found that there was an 
analogy between the relative magnitudes of the numbers express- 
ing the conductivity of certain solutions and those expressing the 
fluidity (the reciprocal of the viscosity), the implied relation 
between electric conductivity and fluidity was not at once accepted 
as proved. And indeed, in its crudest form, the hypothesis that 
conductivity is identical with fluidity, as we measure it by Cou- 
lomb's method or Poiseuille's method, or that the two are propor- 
tional, evidently cannot be maintained. For clearly a salt solution 
becoming gradually more and more dilute approaches a flnite 
limit of viscosity, namely the viscosity of pure water, whereas the 
conductivity apparently diminishes without limit. Moreover there 
are numerous mobile liquids which do not conduct at all. Nor is 
the mobility which is characteristic of fluids really necessary to 
electrolytic conduction. Professor W. Kohlrausch has examined 
the conductivity of fused salts of silver through a wide range of 
temperature, €md he finds that in the case of iodide of silver there 
is no discontinuous change in the conductivity at the melting- 
point, on the contrary the resistance only increases very gradually 
after solidification takes place, remaining less than the minimum 
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resistance of H^SO^, until the mass becomes crystalline and then 
a sudden increase of resistance occurs. The curve representing 
the variation of resistance with temperature for the mixed chloride 
and iodide shews similar properties. Moreover Arrhenius has 
measured the resistance of electrolytes which contain gelatine, and 
these solidify without producing any sudden change of resistance. 
Hence clearly resistance and ordinary viscosity are not the same 
thing. 

Furthermore, in comparing the numerical values of conductivity 
and fluidity we are met with an obvious contradiction of any such 
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generalisation; for on the addition of an acid or a salt to water 
the viscosity may be increased, whereas the conductivity of the 
solution depends entirely on the presence of the salt or acid. If 
the curves shewing the variation of conductivity with concen- 
tration be compared with those for fluidity and concentration no 
similarity is conspicuous although there are some striking in- 
stances, particularly that of sulphuric acid, of concurrence of pecu- 
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liarities which arrest attention. As an example of very normal 
type, I have in fig. 1 reproduced the curve (Jc) of conductivity 
and concentration in gramme equivalents per litre of NH^Cl from 
Wiedemann's Electricitdty voL I. p. 610. And to compare with it 
I have plotted a curve, from observations (/) of Qrotian*, of the 
fluidity of solutions of NH.Cl for the same range of concentration. 
There is no striking resemblance but rather the reverse. In fact, 
the curves for conductivity and concentration are generally roughly 
parabolic in shape with a vertex of maximum conductivitv, the 
equations of a series of the curves are given by Wiedemann y, and 
the curves for fluidity are according to ReyherJ and Arrhenius§ 
very exactly represented by the equation 17 =: A", where 17 is the 
viscosity relative to water, x the number of gramme equivalents 
per litre, and A a constant not differing much from unity. Such 
curves are of course quite different from the conductivity curves, 
and yet, when tables of conductivities and fluidities of different 
solutions are compared, the connexion is very striking; and the 
obvious suggestion is that both fluidity and conductivity are very 
complex pnenomena, but that for a given solution they are both 
dependent ultimately in some way upon temperature and con- 
centration, and are so related that, other things being unaltered, 
if the fluidity be increased the conductivity is consequently im- 

E roved It therefore seems more hopeful to compare, as Grotian 
as done, fr^Kstional rates of variation of the two quantities 
rather than the quantities themselves. Grotian has chosen the 
rate of variation with temperature, and in parallel columns on pp. 
949 — 952 of vol. IL of Wiedemann's Electricitdt are values of 10*<^ 



con- 



and lOV, where <b = {-Tr) -r and « = (-77 I t- > for different 



centrations of solutions of a large number of salts. The suffixes 
indicate temperatures, /'is fluidity relative to pure water at 10° C, 
ifc conductivity referred to mercury, and t temperature. A further 
advantage of this method of comparison is that the units in which 
the conductivity and fluidity are measured do not affect the 
result. 

In order to get a better general view of the comparison of 
the two magnitudes <f> and /c, I have examined the curves plotted 
from all the results recorded in Wiedemann, and the general 
parallelism of corresponding curves is very striking. The set 
of lines representing either one of the properties for the solu- 
tions of the different substances traverse the paper at a very 
great variety of inclination to the axes; some of them are nearly 

* Pogg, Ann,, vol. olx., p. 269, 1877, 
t EUctricMt, vol. i., p. 600. 
t ZeiUehriftflir Pkyt, Chem., vol 11., p. 744, 1888. 
i&., vol. I., p. 285, 1887. 
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parallel to the axis of abscissae, others are inclined positively 
to it, others again negatively ; but in all cases, with the possible 
exception of acetic acid, which exhibits irregularity, the corre- 
sponding curve for the other property is a curve which though not 
coincident is very nearly parallel, and generally speaking when 
there is a change in the inclination of the curve for one property 
there is a corresponding change of inclination in the curve for 
the other property. When we add to the general appearance of 
parallelism for the lines which present no special peculiarity the 
remarkable parallelism in the exceptional cases of NaHO, the 
curves for which are both very steeply but equally inclined to the 
axis, and of U,SO^ which furnishes two irregular but still parallel 
curves each shewing a maximum for the same degree of concen- 
tration, the evidence is convincing that there is a real relation 
not of identity, but of parallelism between these temperature co- 
efficients of the two quantities for different concentrations. 

Another means of altering the viscosity without altering the 
other properties of a solution might be found in adding an inert 
non-conducting liquid to the solution and thereby altering the 
solvent. Experiments have been made in this direction by G. 
Stephan*, who has measured the viscosity and its temperature 
coefficient for some mixtures of alcohol and water, and the con- 
ductivity and its temperature coefficient for dilute solutions of 
NaCl, KCl, LiCl, Nal, KI in these mixtures. The investigation 
differs from Qrotian's inasmuch as the temperature coefficients 
of fluidity are not determined for the solutions but only for the 
solvents, so that while the fluidity temperature coefficient seems, 
for the alcoholic solvents, again to be of the same order of 
magnitude and to exceed the conductivity temperature coefficients 
of the solutions, no precise comparison can be made. Stephan's 
comparisons of results are mainly concerned with an enquiry as 
to the constancy of the products of conductivity of the solution 
and viscosity of the solvent for the different solvents ; the con- 
stancy is not established though a limiting value is indicated for 
very dilute solutions. 

E. Wiedemann f has moreover compared the conductivities of 
corresponding solutions of NaSO^ in water and glycerine, but again 
no numerical relation between conductivity and resistance is 
exhibited. 

The relation between resistance and viscosity seems therefore 
not to be a simple one, though the relation between the tempera- 
ture coefficients does seem from Qrotian's observations to be 
comparatively simple. With the view of exhibiting this aspect 

 Wied. Ann,, vol. xvn., p. 673, 1882. 
t lb,, vol. XX., p. 537, 1883. 
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of the question we may consider some of Grotian's observations 
a little more closely. 

I have reproduced in fig. 1 the curves of temperature co- 
efficients for NH^Cl plotted from his tables (reducing the abscissae 
to namme equivalents per litre) and placed them on the diagram 
wiUi the curves for fluidity and conductivity already alluded to. 
The curves for KCl, KBr and EI are strictly analogous, so that 
the diagram may be taken as exhibiting the comparison for a 
group of salts which seem to form a special class of solutions with 
respect to conductivity and fluidity. 

Strict parallelism of the plotted curves would correspond of 
course to a constant difference between the corresponding values of 

10* :? -^ and 10* -p jt - These differences are tabulated below, by 
f dJt k dt '^ 

interpolation, for the four salts. 
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The differences are very nearly the same for all the salts for 
concentrations between 10 and 20 p. c, but the two values ap- 
proach one another slightly when the concentration is large. As 
a simple assumption we may take however that the relation 
between the temperature coefficients of fluidity and conductivity 
is one of a constant difference a, independent of the concentration 
and of the nature of the salt for this particular group of salts. 
It may vary with the temperature ancl with the nature of the 
solvent, but we will assume for the moment that it is a constant 
We then get 

Id/ Idk^ ,,, 

fdi^k^^'' (^)' 

where 0- is a small quantity (about 30 x 10"^) independent of 
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concentration but depending on the solvent and possibly also on 
temperature. 

The physical interpretation of this equation would be that 
the effect of temperature upon the conductivity of the solution 
is of a two-fold nature, (1) the conductivity is indirectly iiicreasei 
by the increasing fluidity of the liquid and (2) it is diminiAed 
by some alteration of the properties of the solvent which does 
not affect the fluidity. In electrolytes at ordinary temperatures 
the first effect is predominant, but on very great rise of tempera- 
ture (without secondary alterations of condition) the second effect 
might become very great compared with the first Thus if the 
solution (with the salt) were volatilized, the conductivity of the 
gaseous mixture might be only a small fraction of the conductivity 
of the solution though the viscosity might have become much 
less. Integrating equation (1) with re^urd to temperature (as- 
suming (T to be constant) we get 

/o h ' 
or i, = Jy,e-'<«-''> (2). 

k 
In equation (2) ^ expresses the relation between conductivity 

and fluidity at a standard temperature*. If this relation be a 
complicated function of the concentration, as it appears to be, 
there is no reason to infer a general simplicity of relation between 
k and / from the fact of their having temperature coefficients 
which are connected by a simple relation. If we were possessed 
of experimental data that would enable us to refer the properties 
of one class of electrolytes to concentration and temperature as 
variables, in a manner somewhat similar to that in which the 
properties of gases are referred to pressure and volume, further 
insight into the nature of the relation might be obtained. 

The evident relation between viscosity and resistance has not 
yet been satisfactorily accounted for. The hypothesis that the 
motion of the ions, if these be atoms, is opposed by frictional 
resistance which can be measured as viscosity for ordinary motion 
of the liquid seems to be regarded as dubious, although Kohl- 
rauscht has shewn ** that the supposition of mechanical and electro- 

* Since this paper was read I have seen a paper of Arrhenios {Zeitschr. fitr 
Phya, Chem. Band. iv. Heft. 1, July 1889), in whioh an equation practically identical 
witn (2) is dedaoed directly from the theory of dissociation. On that hypothesis ff 
would be the fractional temperature coefficient of dissociation, and being ntgaUot 
would imply, as Arrhenius points out, a temperature of maximum conductivity 
beyond which the temperature coefficient of conductivity would be negative. 

t B. A, Report, 1886, p. 343; Wied, Ann, Vol. vi., p. 207, 1879. 
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lytic frictional resistance of about equal amount allows the finding 
of an absolute size of molecules which approaches the sizes found 
by other methods." 

But is it necessary to suppose that the individual atoms are 
moved through the liquid ? May the ions not be parts of complex 
molecules of salt and solvent which have to be dragged through 
the liquid? Wiedemann* mentions that such a suggestion has 
already been made but that it is very risky, yet the doctrine of 
electrolysis of molecular aggregates as opposed to that of disso- 
ciated atomic ions has some adherents, and expressions might be 
quoted from the writings of well-known supporters of the dis- 
sociation-theory to shew that they acknowledge the necessity for 
regarding the electrolytic molecule as complex in some special 
cases. I think it may be well to recall that certain phenomena 
may naturally lead to the same view, although I am well aware 
that these phenomena have been otherwise explained in a manner 
that is accepted as satisfactory. 

The view that electrolysis consists in the convection of elec- 
tricity by single atoms only, or their chemical representatives, is 
based upon the resolution of the processes taking place in an 
electrolytic cell into independent phenomena. Electric endos- 
mose, the unequal dilution of solution at the electrodes and the 
deposition of ions are all treated separately. £lectric endosmose 
is r^arded as the result of the electrification by contact of the 
boundary layer of the solution in the porous partitions which 
divide the cell, and the explanation has been regarded as com- 
plete since von Helmholtz shewed that the difference of potential 
of the boundary layer necessary to explain the effect was not 
more than a few volts. The unequal dilution at the electrodes is 
explained by the theory of migration of the atomic ions with 
unequal velocities, and this explanation has received strong con- 
firmation from Kohlrausch's calculation of resistance, based on 
these atomic ionic velocities and Lodge's experimental verification 
of the calculation in the case of hydrogen. But, apart from 
these reasons, we have no direct evidence that the ions are simply 
atoms, or their chemical representatives. One of the greatest 
desiderata in electrolysis is the determination of the actual ions 
in any case of electrolysis, but it does not seem practicable to 
identify them. Hitherto the tendency has been to assume atomic 
ions if possible, and yet complex ions cannot be excluded. I have 
taken the following cases of electrolysis from Wiedemanni", who 
is himself a strong opponent of the idea of complex molecular 
decomposition in general. 



* See EUclricitdt, vol. ii., pp. 953, 962. 
t lb., vol. n. 
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We see therefore that in spite of the present tendency to 
reduce the electrolytic action to convection hy atomic ions if 
possible, there are many cases in which the ions are aggregations 
of atoms, if not strictly molecular, and in some cases molecules 
are associated with a moving atom in electrolysis. It seems 
therefore not altogether unreasonable to assume that the decom- 
position of a complex molecule may not be exceptional but the 
general rule. Let us therefore take the venturesome step of 
considering that the whole result of electrolysis consists in the 
separation of complex molecular aggregates of salt and water each 
into two parts, each part containing one dissociated atom or its 
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chemical representative, and suppose that the complete result of 
electrolvsis, including the transference of liquid known as endos- 
mose, the migrations of ions, and the deposition on the electrodes 
may be accounted for by this splitting up of the complex molecule 
into two parts and the transference of the separated parts in 
opposite directions, so that each separated atom would be loaded 
with a number of water molecules or salt molecules or both. If 
this be assumed, the effect of a porous diaphragm in a solution 
would be not to cause the transference of liquid but to prevent 
it slipping back again, and the friction against the plug which 
would prevent the slip back would be very similar in its mathe- 
matical expression to the force supposed by von Helmholtz to 
cause the transference. 

The reasoning by which Wiedemann, on p. 592 of vol. n. of his 
Electricitdt, shews that electric endosmose is independent of 
migration seems to me to be as follows. The total gain of cation 
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in the cathode vessels is not the same for different degrees of 
dilution when there is a porous diaphragm, but if you subtract 
the amount due to the increase of volume of solution, the amounts 
are approximately the same; hence if the increase of volume be 
regarded as an entirely independent phenomenon the cations may 
be assumed to be the same ; viz. atoms of copper, for all the dif- 
ferent degrees of dilution. But the same result would be arrived 
at if we assumed that in the more dilute solutions a greater 
number of molecules were associated with the atoms. Assuming 
that of the salt which is decomposed half is taken from the 
anode vessel and half from the cathode vessel, I have calculated 
the molecules that must be decomposed to give the required total 
gain at the cathode which is tabulated for CuSO. by Wiedemann 
for solutions of different strengths. They are as follows 
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The molecules which are actually decomposed mav be more 
complex than those given, by combination with molecules of solu- 
tion, but the association of such molecules with the ions would not 
affect the ultimate relative distribution of the electrol3rte. More- 
over all the ions in a specific solution need not be of the same 
order of complexity. 

It would be a natural consequence of this view to suppose 
that when the solutions became very dilute, the number of mole- 
cules of water associated with the moving atoms would be very 
large, ultimately being proportional to dilution ; in that case the 
electrolysis would depend mainly on the motion of these large 
molecular aggregates past each other and the resistance would be 
of the nature of ordinary viscosity. Under these circumstances 
the number of molecules associated might depend on the number 
and be independeDt of the nature of the atoms and the ionic 
velocities, and the resistance of all electrolytes would tend to the 
same value as they are known to do in solutions of extreme 
dilution*. 



* F. KolraoBoh, Oegenw&rtige AMchauung, dte,, p. 2S. 
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I have not hitherto dealt with the difficulty raised by the 
remarkably accurate calculations of resistance of electrolytes from 
ionic velocities based on the assumption of atomic ions and verified 
experimentally by Lodge in the case of hydrogen. In the fiist 
place however I nnd it difficult to realise the conception of an ex- 
tremely lar^e number of small bodies (atoms) moving in opposite 
directions through an aggregation of other small bodies (the solu- 
tion). There is also an objection to Kohlrausch's theory on the 
ground that it assumes all the atoms of the dissolved salt to be 
moving. It seems to me that the conception is easier if we regard 
the whole of the solution as divided between the dissociated atoms; 
the eflfect of the electromotive force would then be to pull the whole 
of one set of atoms with their associated molecules in one direction 
and the whole of the other set with their associated molecules in 
the opposite direction, and we thus get a stress shearing the one 
set of molecules past the other set ; the result will be a relative 
motion of the atoms carrying their loads and the mean velocit; 
will depend on the electromotive force and the viscosity; but 
the motion is relative; as to the absolute velocity of each set 
the velocities in the two directions may be regarded as equal A 
particular atom may at one time be a dissociated one moving to 
meet a partner with this velocity, at another time it may belong to 
an associated molecule and be travelling with another dissociated 
atom in the same direction as before or in the opposite ; to deter- 
mine the mean velocity of all the cation atoms for instance, in 
one cross-section, we must deduct the number of backward steps 
it takes in the unit of time as part of a molecule associated with 
an anion atom from the number of forward ones it takes either 
as a dissociated atom or part of a molecule associated with a 
cation; this mean velocity will be equivalent to a transference of 
the atom through the solution. It is this mean rate of trans- 
ference which must be always the same for the same atom in 
very dilute solutions^ no matter with what other atom it was 
associated as a salt, and it is this mean velocity which Lodge ha& 
measured. 

I think, therefore, that it may be possible to frame a general 
theory of electrolytic action on the bsusis of a hypothesis of com- 
plex molecular aggregates, dissociated in a solution, or separated 
by the current, into ions consisting of atoms with attached mole- 
cules ; and such a theory might explain all the various electrolytic 
phenomena, including migration, endosmose, and the relation 
between viscosity and resistance. I am well aware that the brief 
sketch contained in the foregoing paper cannot be regarded in 
any way as a complete statement of such a theory, and that 
further application in detail is necessary before the theory can 
claim to be satisfactory. All that I venture to say is that there 
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are no crucial experiments, that I am acquainted with, which 
definitely and finally contradict it, and until such experiments are 
made it may be well to bear in mind the possibility of such 
explanations as the theory affords. 

(2) The finite deformation of a thin elastic plate. By A. E. H. 
Lovs, HA., St John's (College. 

(3) A solution of the equations for the equUibri'um of elastic 
sdids hatdng an aais of material symmstry, and its application to 
rotating spheroids. By C. Chree, M.A., King's College. 

[Abstract.] 

A solution is obtained of that type of the elastic solid equations 
which contains five elastic constants, answering to those bodies in 
which the structure is symmetrical round an axis. The solution 
proceeds in ascending powers of the variables x, y, z. In the 
expressions for the displacements terms containing powers of the 
variables below the fourth are retained. Thus the solution, while 
complete so far as it goes, can solve exactly only certain classes of 
problems. One of the problems which it can completely solve is 
that of a spheroid of any eccentricitv rotating uniformly about 
the axis of revolution, this axis being m the direction of the axis 
of symmetry of the material; and it is to this problem that atten- 
tion is mainly directed. 

The solution obtained for the general case of a rotating sphe- 
roid being somewhat complicated, certain special cases are first 
considered. The first of these cases, that of a very flat oblate 
spheroid, applies approximately to a thin plate rotating about 
the nonnal to its plane through the centre. The second case, that 
of a very elongated prolate spheroid, applies even more satis- 
&ctorily to the non-terminal portions of a rotating cylinder of 
length great compared to its aiameter. In these two cases the 
material is of the 5-constant type. The third special case is that 
of uniconstant isotropy in spheroids of every form. 

From the light thrown on the question by the results obtained 
in the third special case it becomes possible to dissolve out of the 
complicated mathematical expressions for the general case a very 
considerable amount of information as to the state both of stress 
and strain throughout the spheroid. The key to this information 
is supplied by the recognition in every material whether of the 
5-Gonstant or of the isotropic type of a "critical" spheroid. The 
ratio of the " polar" to the " equatorial " diameter of this spheroid 
depends only on the elastic constants of the material, and is given 
by a simple expression. The following, which are only a few of 
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the results obtained, will show the importance of the critical 
spheroid: — 

In any 5-constant or isotropic rotating spheroid one of the 
principal stresses is everywhere perpendicular to the " meridian" 
plane, and of the two in the meridian plane the greater makes an 
obtuse or an acute angle with the perpendicular on the ''polar" 
axis produced outwards according as the spheroid is more or less 
oblate than the critical spheroid. In particular the surface is under 
a tangential tension in the meridian plane in the former case, but 
under a compression in the latter. In the critical spheroid one of 
the principal stresses is everywhere zero, and on the surface there 
is no stress at all in the meridian plane. In any species of bi- 
constant isotropic material, for a given value of the equatorial 
diameter, the critical spheroid is the form in which the " tendency 
to rupture " on Saint- Venant's theory is the greatest. 

In the case of uniconstant isotropy the character of the strain 
throughout rotating spheroids of all shapes is completely investi- 
gated, and is shewn in a table. In the general case of 5-con8tant 
material a similar, though not so exhaustive, analysis is given. 
Tables supply the values of the changes in the lengths of the 
equatorial and polar diameters, and the strains at the centres for 
various kinds of biconstant isotropic materials in spheroids of 
various forms. 

The variations of some of the more important quantities are 
also shewn graphically. 

(4) On the concomitants of three ternary quadrics. By H. F. 
Bakeb, B.A., St John's College. 

[Abstract,] 

The author applies a modification of the symbolical method 
suggested by Clebsch and Gordan (Math. Annal. i. 90 and i. 359) 
to obtain the set of concomitants in terms of which all the system 
are expressible as rational integral algebraic functions. The 
result is given by the following table. The forms are taken 
respectively to be 

a^g — ttjp ^ a^ — ... J 






Also (aa'uf is abbreviated into u^ = u« * = w^"' = . . . ; 
and (aaWy into aa etc.; 

and so for the other two forms. 

Such a symbol as (523) preceding a form indicates that the 
form is of the fifth degree, second class, and third order. 
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Only one form of a given type is written down; the others 
may be obtained by interchanging the letters — the number of 
forms BO obtainable is given by the number in brackets which 
follows! The forms are arranged in sets, as obtained, according to 
their degrees. 



0. (Oil) »u. 

1. (102) = a,' 

2. (212) = (bcu) hjs, 
(220), = u.» 
(220), = {bcuf 

4. (410) =(6ctt)6.c. 

(402), = 6.c.6a 
(4O2). = 0*ya5)« 

(421). = (6cm) V.«. 

(421), = {Jhm) h^jiiy 

[421], = (o'6c) (uco) {uab) a J 

6. (600) ={a/9'7)' 

(611), = (a^7){/97»)«. 
[611], = affL,byb,Uf 
[630], = (a/97) u,UfU^ 
[630], = {abu)afpyUpUy 
[630], = (bcu) UfiUyb^f 
(603), = (^x) (7aut) (a^Sar) 
[603], = 097ar) ajbjx,f>y 
[603], = {^ix) bjaji^f 



1) 
3) 

3) 
3) 
3) 

3) 
3) 
3) 

6) 
6) 
3) 
3) 

1) 
3) 

6) 

1) 
6) 
3) 

1) 
6) 
3) 



3. (300), = o.* (3) 

(300), = 6.* (6) 

(300), = (a6c)« (1) 

(311), = «.6A (6) 

(311), = (a6c)(6cu)a. (3) 

[303] = {ahe) aj>js, (1) 

(330) » {bcu) ipau) {aim) (1) 

5. [601], = (oftc) oAc (3) 

(501),= (/»yx)o^ (3) 

(520) =UpUyafi(iy (3) 

(512),= (yQ7a;)a^X (6) 

[512], = {ahc)afU^js, (6) 

(612), = (/97a;)c^ptt, (6) 

7. [710], = (o/97)a^ay«. (3) 
[7 10], = (6ctt) OpOyfcyjfl (3) 
[721] = (a/9y) 6AttAS • (6) 

8. [801], = (/3y«) 6^^6.c. (3) 
[801], = (a'6c) apo^^^aj (3) 



[812] = {oC^){<yaw){afix)u^ (3) 
9. [911] = OfiOybybaC^J^Uf (6) 

[101()] = (a'i87) 6/jAc.«^ (3) 
The d^pree— class — order symbols of eiebteen of the tjrpes are 
placed in square brackets. This indicates that they are reducible 
after multiplication by u,. Some of them are further reducible 
on multiplication by u': namely these are (501),; (710),; (801),; 
(911) ; (1010). Allowing these reductions the system is expressible 
by 13 kinds of forms, viz. by 

aj {bcu)bj;^ {bcuY ujbjb, {abc){bcu)a, 

«.* {^y!B)UfUy ififX)* {a^){fiyx)Ua 

(&cu)&.c. bjsJ>jD, {l}cv)bjiju^ {bcu)b.fijHy 
(fiyx)a^ UpUyafiOy (/97<t)a^o,«y {fiyx)ejB/iUfi 

3 



bj 



a. 



({abcY 

|(6cu) (cau) {ahu) 
\{^){al3x){yax) 
TOL. Vn. PT. I. 
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where a form and its leciprocal, as well as forms of the same 
type, are counted as being of the same kind. 

Note. There are often identical integral relations among 
forms of the same type. These are not here set down. Further, 
if we allow algebraic functions of any rational kind, all the simul- 
taneous concomitants can be expressed in terms of fifteen cod- 
comitants (Forsyth, American Journal of Mathematics, xn. p. 54). 
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January 27, 1890. 

Mr J. W. Clakk, President, in the Chair. 

The following were elected Fellows of the Society : 

J. Q. Adami, M.A., M.B., Christ's College. 
T. Roberts, M.A., St John's College. 
R. BL Solly, M.A., Downing College. 
E H. Hankin, B.A, St John's College. 

The President called attention to the proposed International 
Memorial to Dr Joule, late Honorary Fellow of the Society, and 
announced that subscriptions might be sent to the Honorary 
Secretary, Joule Memorial, Royal Society of London, or that they 
would be received by Mr R. T. Glazebrook, Treasurer of the Cam- 
bridge Philosophical Society. 

The following Communications were made to the Society : 

(1) Non-Evdidian Geometry, By Prof. Cayley. 

(Abstract) 

The chief object of the Memoir is the development of the 
analytical theory : and as the form assumed for the equation of 
the Absolute is a;^ + y" + ^* + w' = 0, the formulae obtained may be 
legarded as belonging to Elliptic Space. But this is not the point 
of view of the Memoir; the space considered is ordinary space, it 
is only the notion of distance (linear, angular, and dihedral) which 
is modified. Thus for instance, lines perpendicular to each other, 

VOL. VII. PT. II. 4 
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in the ordinary sense, exist, but there is no occasion to consider 
them : in place thereof we consider lines which are in the new 
sense perpendicular to each other, and the theory is an entirely 
distinct one; given any two lines, we have perpendicular to 
each of them (not a single line, but) two lines, or say there are 
two perpendicular distances : the theory of these distances is con- 
sidered in some detail. 

(2) A Sclieme of {he SimuUaneoTis Motions of a system of 
Rigidly connected Points, and the Curvatures of their Trajectories. 
By J. Larmor, M.A., St John's College. 

The following analysis is suggested by the theorems of 
De la Hire and Savary, whereby the determination of the cur- 
vatures of the trajectories of the diflFerent points of a solid 
moving in one plane is reduced to geometrical construction. 
In this theory the construction is based on the circle which at 
the instant in question is the locus of points for which the 
curvature is zero, the well-known circle of inflexions. See 
Williamson's Differential Galcvlus, Chapter xix.* 

In the generalized theory, when the motion of the solid 
is not confined to be uniplanar, the first problem is to determine 
the nature of the locus of inflexions. This is easily eflfected by 
kinematical considerations; for the criterion of a point a?, y, s 
being on the locus is that its acceleration is in the same direction 
as its velocity, viz. that 

?=y=f (1) 

so y z '^ '' 

Now we may specify the motion of the solid by w, v, w the 
components of the velocity of the origin, and ©., ®^, », the 
component angular velocities of the body round the axes of 
coordinates. Then, as usilal, 

x-u — yto^ + zoD^ (2), 

a? = w — yia^ + zo>^ — ®, (v — Z(o^ + a;©,) 

+ ©y (w - a?©^ + y©^) (3), 

with two pairs of other similar formulae. 

The equations of the curve of inflexions are now obtained by 
substitution in (1). 

* I find that questions similar to the ones here discussed are analyzed by the 
method of vectors from a fixed origin in the Comptes Rendus, 1888, pp. 162 — 5, bv 
Gilbert, who also gives references to other writers on this subject His investiga- 
tions relate chiefiy to the case when a point of the system is fixed. 

The principal results obtained in this note have been stated in the Cambridge 
Mathematical TripoM, Part IL, June 1, 1889. {Camb, Exam, Papers, 1888-9 
p. 669.) 
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The result will be simplified if we take the central axis of 
the motion for the axis of x^ so that u^V, &>, = H, while the 
other components vanish, though their fluxions remain finite. 
We thus obtain the equations 

- = - = (4), 

wherein 

L=u ''y(o, + za}^ 

M = V --zay^ + xdyj^ (5), 

JV = -m; — xd)y + yd) J 

and vr is written for F/fl, the pitch of the given screw-motion. 

The equations (4) thus obtained may readily be verified by 
intuition; for L, M, N represent the component accelerations 
due to the motion of the origin and the change of values of 
the angular velocities, while 0, — iVy, — n*z are the components 
of the centrifugal force round the central axis, and it is clear 
that these together make up the total acceleration. 

These equations (4) represent the curve of intersection of 
two paraboloids. To reduce them to the simplest possible form, 
first turn the axes of y, z round that of x, so as to make ct>^ zero. 
Then move the origin along the central axis a distance h, so 
that the equation referred to this new oririn is obtained by 
writing a? + A in place of a?, and take h = w\i)^ . We thus have 
finally 

ii + «<»„ V — z^^ — Xl"y — xd)^ + yd), — iVx .^. 

' = = E ^(j^ 

nr z -y 

where we notice by the way that the numerators give the simplest 
form to which the rectangular component accelerations for a 
moving solid can be reduced. 

The equations (6) represent the curve of intersection of a 
parabolic cylinder having its generators parallel to the axis of x 
with a rectangular-hyperbolic paraboloid having its axis in the 
same direction. These surfaces intersect on the plane infinity 
along the line where any plane z = constant meets it. The finite 
part of their curve of intersection, which is the proper inflexional 
curve, is therefore a turisted cubic. Its equations (6) may be put 
in the form 

y=^A + Bz{a + fiz)\ .. 

which are unicursal in the parameter z. 

We remark that a wire of this form is the most general solid 
that can be moved with rotation so that all its points are in- 
stantaneously describing straight paths ; also that any wire whose 

4—2 
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form is given by (7) possesses this property, the movement being 
a screw of pitch — /8^' (1 + 5"') round the axis of a?, eased off in 
a wflgr that retains one degree of indeterminateness. 

We proceed to investigate the trajectory of any point of the 
solid by the aid of this cubic. 

Through any point, as is well known, one and only one chord 
of the cubic can be drawn. We may regard this chord as a line 
of constant length moving with its extremities on two fixed 
lines, which may be considered straight so far as the determi- 
nation of accelerations and curvatures is concerned. 

Consider two consecutive positions of it, BC and BC\ let 
BP = FF = p, and CP = C'F = />', and Jet p + p'^a. Complete 




Pig.i. 

the parallelo^m CGBA, and draw FM, FN parallel to AB, 
A0\ as in Fig. 1. The circumstances of the motion are given 
by the velocities of the extremities of BG ; let then 

BF^ht^\ht\ 

cc'^ct + \ce] ^ ^' 

so that hy c are the velocities, and 6, c the accelerations of B and C 
along their straight trajectories. 

The point Q moves in a fixed plane which is parallel to both 
BF and CC\ being parallel to the plane ABF, The coordinates 
of Q referred to axes of x and y parallel to BF and CC are the 
same as the coordinates of N referred to axes BF and BA. They 
are therefore given by 



BF=-x = bt'^^bf 
P 

CC'=^y=ct + ice \ 



(9). 
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These are the equations of the path of P, correct as far as the 
second order, and referred to the parameter t 

The determination of the radius of curvature R at the origin 
may now be made by the usual methods, bearing in mind that 
the angle between the axes is a>, the angle between BB' and CG\ 
It is sufficient to give the result 

H ^ W + cy+2b cp p' cos o,)^ ^jQ^^ 

a sin 6> (be — be) pp 

for its interpretation suggests a purely geometrical method of 
arriving at it, as follows. 

The velocity F of P' is the same as that of N, and is therefore 

the resultant of velocities - b and - c parallel to BB' and BA : 

a a ^ 

thus 

F" = -,(6V«+c'/)'4-26cpp'cosa>) (11). 

a 

In the same way, the acceleration f oi P' is the resultant of 

accelerations ^ h and - c parallel to BR and BA ; its value may 

therefore be written down. 

Also, if denote the angle between V and f, we have T^ sin 
equal to the area of the parallelogram contained by the vectors 
representing Fand/; therefore 



Vf^0 = (^b^c-^c^-b)sm 
•^ \a a a a J 



CO 



= ^'^ (6c-fec)sina) (12). 

Now by Huygens' fundamental formula of centripetal acce- 
leration in a curve, 

/sin^^y (13), 

therefore we arrive at the formula (10), which may also be 
written 

R- ,^ ?\ .  5 (14)- 

(6c — be) sm 0) PP 
We may exhibit the result in a geometrical form. 
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Draw 00, Oy to represent the velocities of 
B and C in magnitude and direction; divide 
the fixed line /87 in y so that 0v is to 1/7 as 
BP to CP. Then Ov represents the velocity 
of P in magnitude and direction, and 

R^'c^ (15), 

where k represents the constant factor 

(be — cb) sin to 

It is worthy of notice that altering the accelerations of 5 or (7 
only alters the value of the factor k ; so that the curvatures of 
the trajectories of all points on BC are altered in the same ratio. 

We have thus from Fig. 2 a complete specification of the 
velocity and curvature for any point P on BG\ for the plane of 
the trajectory is that parallel to the directions of motion of B 
and G, The acceleration of P may be constructed fix>m those of 
B and G in the same way as the velocity. The value of the 
curvature involves the accelerations of B and C only as entering 
into K, A known value of the curvature at any one point de- 
termines K once for all, and the values of these accelerations are 
no longer necessary. A geometrical form for k is given by (21). 

The construction of Fig. 2 applies to any line in the moving 
solids in so far as the determmation of velocities only is con- 
cerned ; for the determination of accelerations and curvatures it 
applies only to a chord of the curve of inflexions, as above. 

If however the planes of the curvatures at any two points 
on the line are parallel, it must be such a chord. This may 
be established by an easy extension of the method of Fig. 1. 
For taking B, G to represent these two points, we have now 
BB and also GG' and BA curved instead of straight lines, and 
we obtain a quadratic equation giving two positions of N on 
AB' for which the curvature of the path of P is zero ; this gives 
two points, real or imaginary, on BG, which are also on the curve 
of inflexions. 

The formula (10) for the curvature should be reducible to 
a form depending only on the geometry of the diagram. In 

fact, if BB^K CG'^k, B'BG^fi, CGB = % 

we have 

5'0'" = a" -f A,^ + A:* - 2aAcos/8- 2aA;co8 7- 2AA:cos (w, 
so that, as B'C « a, /i is determined in terms of k by the equation 
A*-2/i(aco8/8-»-icosa))-2aA;cos7+ jfc" = (16), 
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which gives, to the first order, 

&=-*^ (17). 

to the second order, 

2a COS fi\ a cos pj \ ' cos pj 

cos 'V 1^ 

= —k — ^ + ^ 3 ^ (cos')8+ cos'y + 2 cos jScos 7 cos w), . .(18). 

cos p ^a cos p 

Now by (8) we have to the same order 

-''+^^ O'^ 

CompariDg these, we have 

fecos/8 = — CC0S7 (20), 

6c — oc = =-5 (cos'/8 + cos*7+ 2 cosfl cos 7 cos &>). . .(21). 

acos /3 ' r- # / V / 

Substituting in (10), 

P (p * cos* ff + p'* cos* 7 — 2/Op' cos j8 cos 7 cos (Or /oQ\ 

""pp' sin Q) (cos*/8 + cos* 7 + 2 cos ^ cos 7 cos w) " ' 

where fi and 7 are the angles which BC makes with the curve 
of inflexions at B and C, and (o is the anele between the tangents 
to the curve at those points ; so that the curvature is expressed 
in terms of purely geometrical quantities. 

It is easy to verify that this theory leads to the correct results 
for uniplanar motion. For in (4) we have now cr=0, a>,= 0, to = ; 
the curve of inflexions is therefore a circle passing through the 
central axis /. If now the special chord PI meet this circle 
again in Q, we may apply (14) if we write in it 6 = 0, 6 = q)*/(7; 
thus we obtain (and still more directly from (22)) the correct 
result 

R.Pq = IP^ (23). 

The theory for uniplanar motion may also be reduced to 
simple kinematic considerations as follows. There is one point 
connected with the solid which has no acceleration; by taking 
this point for origin and reducing it to rest in the usual manner, 
we see that the acceleration of any other point with respect to it. 
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i.c. in this case the total acceleration, is made up of a com- 
ponent ria transverse to the radius vector and a component ro' 
towards the origin. Therefore the resultant acceleration is 

(ft)* + G)")* r, 

and it acts at a constant inclination a to the radius vector, which 
is given by tan a = o)/©' ; a known theorem. 
Thus if / denote the instantaneous centre of 
the motion, I' this centre of accelerations, and 
P any point, so that 

IP^r, IT=p, IpF^e, 

we have, by the theorem of centripetal ac- 
celeration, 




(ft)* + ft)*)* p sin (^ - a) = 



A) 



V 



R 

r^sina 



therefore iJ=- . ,^ .. 

p sm (a — a) 

The points whose paths have zero curvature are given by tf = «, 
and therefore lie on a circle through / and /', the circle of in- 
flexions. 

Let this circle cut PI in Q ; then 

p sin (5 — a) = PQ sin a, 

therefore R = IP'/PQ, 



February 10, 1890. 

Professor Babinqton, Vice-President, in the Chair. 

The following Communications were made to the Society : 

(1) Oil the perceptions and modes of feeding of fishes, Bjf 
W. Bateson, M.A., St John's College. 

In the course of observations made at Plymouth and elsewhere 
it appeared that the majority of Fishes are diurnal in their habite 
and seek their food by sight, but that a minority are almost 
entirely nocturnal and hunt by scent To the latter class belong 
Protopterus, Skates and Rays, the Rough Dogfish, Sterlet, Eel, 
Conger, Recklings, Loaches, Soles, &c. These creatures remain 
buried or hidden by day but career about at night in search of 
food, returning to their own places at dawn. If while they are 
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thus lying hid, food or even the juice of food-substances is put 
into the water, they come out after an interval and search vaguely, 
without regard to the direction whence the scent proceeds. Some 
of the animals (Recklings, Sterlet) have special tactile organs in 
the shape of barbels or filamentous fins with which they mvesti- 
gate their neighbourhood, while others (Conger and Eels) feel 
about with their noses. None of the fishes which hunt by scent 
seem able to recognise food by the sense of sight, even though it 
be hanging freely before their eyes. 

The mode of feeding of the Sole is peculiar. When searching 
for food its skin is more or less covered with sand, which renders 
it inconspicuous when moving on the bottom. This sand adheres 
to mucus which is probably exuded when the smell of food is 
perceived. The Sole seeks its food exclusively on the bottom, 
creeping about and feeling for it with the lower side of its face. 
If a worm is lowered by a thread until it actually touches the 
upper side of the head of a Sole, the animal is still unable to find 
it but continues to feel for it on the sand. There is however no 
reason to suppose that the sight of these fishes is deficient. A 
Bockling at Plymouth had already learnt to come out to be fed if 
any one came near the tank, though it still did not recognise a 
worm swimming in the water. Particulars were given of the 
various irideal mechanisms which occur among fishes. 

This investigation was undertaken at the instance of the Marine 
Biological Association as a preliminary step towards improving the 
supply of bait. The experience gained suggests that a bait for 
the south coast, where Conger and Skate are chiefly caught, could 
be made by extracting the flavour of Squid or Pilchard and com- 
pounding it with a suitable ground-substance. Though few practical 
experiments were made, it was found that an ethereal extract of 
Nereis or Herring, for example, greatly attracted some of these 
fishes. 

(2) Notes on Lomatophloios macrolepidotus (Goldg.). By A. C. 
Sbward, M.A., St John's College. 

[Received January 25, 1890.] 

In the Zeitschrift der deutschen geologischen Oesellschaft (Band 
XXX.III. p. 354) Prof. Weiss of Berlin gives a short account of an 
interesting fossil plant from Langendreer in the Westphalian 
coalfield: it is preserved in Siderite ("Spatheisenstein") and, ac- 
cording to Weiss, is a cone-like specimen having the characteristic 
external features of Lomatophloios macrolepidotus (Goldg.); size 
of specimen 18 cm. long and 13 cm. broad, with a fairly uniform 
thickness of about 3*5 cm.^ 

^ The form of the speoimen and the character of the leaf-bases are shewn in 
figs. 8 and 4 (Plate III.), 
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From an examination of microscopical sections Weiss came to 
the conclusion that the structure was that of a fruit-cone of 
peculiar organisation. The internal structure is thus described V* 
" From an axis of considerable breadth (about 12 cm.) proceed 
the lower parts of the leaf organs which have the well-known 
rhombic leaf-bases with transverse leaf-scars at their upper end. 
The leaf-bases are sack-like and arched towards the lower end, 
from which they curve upwards and outwards: in their lower 
part they are much inflated, and almost reach to the leaf-base 
next above ; they then gradually become narrower until they are 
of the same breadth as the leaf-scars ; this inflated lower portion 
encloses a sack- or flask-shaped space. The organisation can be 
easily made out as the tissue is in part well preserved. The 
flask-shaped spaces contain large (sometimes 2*5 mm. in diameter) 
round and elliptical bodies, sections of which shew them to be 
bounded on the outside by a wall formed of polygonal cells and 
enclosing in their interior numerous grains." These round and 
elliptical bodies are considered by Weiss to be sporangia full of 
spores. After this description Weiss goes on to say that the 
specimen must be regarded as a fruit-cone of Lomatophloios with 
an internal structure comparable to that of Isoetes, The same 
specimen is also briefly described in the Botan, CentralblaU\ In 
his small book on the coal-measure flora' Weiss gives a figure of 
Lomatophloios m,acrolepidot9is, which is described in the text as 
a large cone under the name of Lepidostrobus macrolepidotus. 
Solms-Laubach^ refers to the description of the same fossil, as 
given by Weiss, and, judging from the extraordinary size of the 
axis, throws out the suggestion that in this case we probably have 
a fiructification which was borne on the leaves of the main stem, 
and not on a fruit-bearing branch. Schenk* mentions LepidophUms 
macrolepidotus (Weiss) as an example of a cone with a very stout 
axis, and probably belonging to Lepidophloios. Prof. Weiss has 
unfortunately never published any figures to illustrate his descrip- 
tion of the internal structure of this so-called Lomatophloios or 
Lepidodendron fructification. When recently going through the 
collection of fossil plants in the Berlin Bergakademie I saw the 
specimen and also had an opportunity of examining micro- 
scopically some of the prepared sections*. 

The microscopic characters are briefly noticed by Weiss : one 
or two additional points may however be mentioned. On each of 
the leaf-bases there is a small indentation (Plate IIL fig. 4, i) 

* ZeiUchrift der deutschen geol. GeselLy Bd. xxxiu. p. 355. 

* Botan. Centralblatt., Vol. vm. p. 167. 

' Flora der Steinkohlenformatiofit Fig. 33, and p. 7. 
^ Einleitung in die Pal&ophytologie^ p. 241. 

* Die fossiUn Pfiamenreste^ p. 70. 

' I had access to the specinieus through the kindness of Prof. Weiss. 
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immediately below the leaf-scars (fig. 4, s) ; on the leaf-scars 
I did not notice any definite traces of vascular bundle-scars such 
as are represented in Weiss' figure^ (this figure is not taken from 
the specimen in the Bergakademie, but seems to be copied from 
the one given by Qoldenberg)*; the absence of traces of these 
bundle-scars is probably accidental, and due to imperfect preserva- 
tion. The lower parts of the leaf-cushions have a more or less 
wrinkled appearance, in faot they remind one strongly of the per- 
sistent petiole bases on the stem of Cycas revoluta. 

Fig. 1 (Plate III.) represents a section taken from Weiss' speci- 
men. Here we see the form of the leaf-bases as described by 
Weiss; in the interior of the spaces which occur in the lower 
part of the leaf-bases are several Stigmarian rootlets with the 
central vascular bundles. These appear to be what Weiss took 
for sporangia ; that they are in reality Stigmarian rootlets I have 
not the least doubt ; they correspond exactly to those figured by 
Williamson*. 

As is usual with these rootlets, the peripheral cortical layer 
of parenchymatous tissue is preserved ; also the vascular bundle, 
the latter being sometimes surrounded by a delicate ring of paren- 
chymatous tissue. Anyone who has examined a number of 
sections of coal measure plants cannot fail to be familiar with 
these ubiquitous rootlets. Various observers have fallen into the 
error of mistaking these intruded rootlets of Stigmaria for tissues 
of the plants into which they happened to have bored their way 
and with which they are in no way organically connected. Prof. 
Williamson* refers to such mistakes made by rrof. Goeppert, who 
described in his Oenrea des Plantes fossiles a Stigmaria with 
bundles in the pith : the same mistake was afterwards made by 
Sir Joseph Hooker and Mr Binney^ Solms-Laubach* speaks of 
the ubiquitous nature of Stigmarian " appendices" and reproduces 
one of Renault's figures as an illustration. 

In fig. 1 (Plate III.) eight Stigmarian rootlets are seen. 

In fig. 2, the cortical tissues are shewn considerably magnified. 
At A, the section shews prosenchymatous cells more or less com- 
pressed and not very clearly defined ; as we pass along the section 
we come to other prosenchymatous cells in a better state of 
preservation, farther on these become shorter and less distinct; 
at B, the cortical tissues end : after a short break we come to the 
leaf tissue at C, where the cells appear to be parenchymatous ; as 

^ Flora der Steinkohlenformation, Fig. 83. 
' Flora Saraeponta, PI. xiv. 

' A Monograph on the Morphology and Histology of Stigmaria Jicoides (Palie- 
ontographical Soeiety, London, 18S7), PI. x. Fig. 42. 

* Ibid, p. 13. 

» Q, J, Q. S., Vol. XV. p. 76. 

* Solms-Laubaoh, loc, cit. p. 294. 
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they approach the periphery D they become somewhat oblique 
and gradually get more and more compressed. From E to F vie 
have similar tissues belonging to another leaf-base. 

Williamson^ gives a figure oi Favidaria shewing the " tubular 
part of the bark*" passing through prosenchymatous cells into 
the outer parenchymatous tissue of tne epidermal layer. In my 
fig. 2, in passing from A to B, almost identically the same tissues 
are seen. From Gto D and E to F vie have parts of the paj^n- 
chymatous epidermal layer which has passed off to form the leaf- 
bases. The cells in this tissue become smaller and denser towards 
the periphery, as noticed in similar sections by Williamson'. 

At a in fig. 1 are some opaque bodies, round and elliptical 
in shape (too small to be shewn in the figure). These I took to 
be coprolites of some wood-boring Annelid ; such bodies are by 
no means uncommon in sections of fossil wood; in one of William- 
son's figures of a Calamite* some of these coprolites are seen in 
its medullary cavity, in another place^ a piece of wood is shewn 
perforated by some xylophagous animal whose coprolites occur 
scattered about the tissues. These coprolites and the vascular 
bundles of the Stigmarian rootlets seen in transverse section 
seemed to me the only things that Weiss could have taken for 
spores. 

The conclusion to which an examination of the above sections 
led me was that this so-called cone of fructification is simply 
a flattened portion of a Lepidodendroid plant which has lost 
its woody axis, also the innermost and middle cortical tissues. 
In fig. 2, Plate xxiv. of the second of Williamson's coal plant 
memoirs we have a longitudinal section of Lepidodendron sdagi- 
noides: if we imagine all the tissues of this to be destroyed except 
those marked I and k, that is the epidermal or leaf-base tissues, 
and the tubular part of the outer bark, we have left exactly the 
same as those preserved in this specimen of Lomatophloios, 

Prof. Williamson^ in speaking of the bark tissues, remarks 
that near the outer surfsM^e there is a layer of prosenchymatous 
tissue where the cells are so elongated as to constitute a distinct 
"bast layer" which has exhibited a constant tendency to separate 
itself from the subjacent cortical tissue. 



^ On the Organisation of the Fossil Plants of the Coal Measures, Pt.n. FLxxnu. 
Fig. 32 {Phil. Trans, Royal Society, 1872, p. 197). 
2 Ibid, p. 211. 
» Ibid, p. 201. 

* On the Organisation of the Fossil Plants of the Coal Measures, Ft. i. PI. zzir. 
Fig. 10 {Phil, Trans, 1871, p. 477). 

B On the Organisation of the Fossil Plants of the Coal Measures, Ft. z. PI. zz. 
Figs. 66, 66 (P;it7. Trans. 1880. p. 493). 

• hoc. cit, Pt. II. {Phil. Trans. 1872), pp. 223, 224. 
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Further on^ he speaks of the very frequent occurrence, in 
remains of Lepidodendroid plants, of simply the epidermal layer 
and the semi-nbrous portion of the prosenchymatous one; all the 
inner tissues having been loosened by decay and eventually floated 
out: when the stems were prostrated, this epidermal and bast 
layer constituted the cylinder whose two sides were eventually 
brought together and flattened by superimposed pressure. In 
another place', a full description is given by the same author of 
a specimen which was apparently very similar to that now under 
consideration ; the following are Prof. Williamson's words : — " I 
have before me at the present moment a section of a large Lepi- 
dodendron of which the woody axis and its medullary centre have 
disappeared, the thick cortical layer alone remaining. A large 
Stigmarian root has found its way into the cavity and tilled it up, 
givmg oflF its peculiar rootlets within the Lepidodendron cylinder. 
Such a specimen would inevitably mislead even a botanist whose 
eye was not &miliar with the appearances of the two plants." 

1 Ibid. p. 228. > Ihid. p. 215. 

EXPLANATION OF PLATE IIL 

niostrating Mr A. C. Seward's paper ** Notes on Lomatophloios 

macrolepidottts (Goldg.)." 

Fig. 1. Section taken at right angles to the surface of LomcUophloios 
macrolepidotua, i.e. at right angles to the leaf -bases. Actual 
width of section 3 '5 cm. 

a. Position of (?)Coprolite8. 

b. Stigmarian rootlets. 

c One of the leaf-bases with space containing two 
Stigmarian rootlets. 

Kg. 2. Part of the upper end of ^g, 1 magnified. Corresponding 
parts shewn by the lettering in figs. 1 and 2. 

Pig. 3. Outline of the specimen {Lomatophloios nMcrolepidotus), 

a5 = 18 cm. 
crf=13 cm. 

The section shewn in fig. 1 is taken from that part 

indicated by **. 

Fig. 4. A few of the leaf-bases (^ natural size), shewing leaf-scars s, 
and small indentations i on the swollen leaf-bases. 

The whole of both surfaces of fig. 3 are covered with such leaf-base& 
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(3) On the origin of the embryos in the ovicells of Cyclosio- 
matous Polyzoa, By S. F. Harmer, M.A., King's College. 

[RepriTUed from the Cambridge Univernty Reporter^ Febrvary 18, 1890i] 

The species investigated belonged to the genus Crisia, in which, 
as in other fonns of Cyclostomata, the mature ovicells contain a large 
number of embryos. These embryos are imbedded in the meshes 
of a nucleated protoplasmic reticulum, which also contains a mass 
of indifferent cells, produced into finger-shaped processes, the free 
ends of which are from time to time constricted off as embiyoa 
The embryos have, at this stage, a structure identical with that of 
the youngest embryos described by previous authors. After de- 
veloping various organs, they escape as free larvae through the 
tubular aperture of the ovicelL The budding organ from which 
the embryos are formed makes its appearance at an early stage in 
the development of the ovicell. Evidence was brought forward to 
show that it must be regarded as an embryo, produced from ao 
ovum. The supposed ovum is found in very young ovicells, im- 
bedded in a compact follicle, and appears to give rise, by a remark- 
able process of development, to the budding or^an above described. 
The embryos are thus produced by the repeated fission of a primaiy 
embryo developed in the ordinary way from an egg. 



February 24, 1890. 

Mr J. W. Clark, Prbsident, in the Chair. 

The following were elected Fellows of the Society : 

A. P. Laurie, M.A., Fellow of King's College. 
W. H. Young, M.A., Fellow of Peterhouse. 
C. Platts, M. A., Fellow of Trinity College. 
A. C. Seward, M.A., St John's College. 

The following Communications were made to the Society : 

(1) Vehicles used by the old Masters in Painting. Part L 
By A. P. Laurie, M.A., King's College. 

I HAVE been engaged for some time in studying the methods 
of painting used by the old masters, with a view to showing light 
on the question why modem pictures are so far from permanent 
Fortunately a good deal of material exists for this enquiry, MS& 
having been left containing receipts for the preparation of oilst 
colours and varnishes, and directions for using the same. More- 
over these MSS. have been carefully edited and translated, and 



1890.] the old Masters in Painting. 49 

books have been written on the history of painting with a view to 
expounding the methods used during the best period of art. 

Unfortunately, however, in spite of the large amount of in- 
formation thus at hand, many most important points remain 
obscure. It is seldom those who best know the subject who write 
the text-books. And these MSS. are necessarily di£Gcult to interpret 
owing to the careless unscientific spirit of the time. Weights are 
hardly ever given and times measured by Paternosters. Names 
are loosely used and are often impossible to translate, and probably 
in most cases these receipts, collected from many sources, though 
useful to artists as books of reference, do not give the actual 
methods in use in the studio. If we imagine some one trying to 
reconstruct modem industrial processes from the text-books made 
use of in technical instruction, it would help us to realize the 
difficulty of reconstructing processes of the middle ages from these 
MSS. Unfortunately also those who have written the modem 
books on this subject have been artists and archaeologists, but 
have not been chemists. Consequently whole chapters of ingenious 
learning may be devoted to proving that a certain process was used 
by the old masters, which half an hour's work in a laboratory 
would have shown to be impossible. 

I wish here to deal with the theory developed in one of these 
works, namely, Eastlake's Materials far the Hisioi'y of Oil Painting, 
to account for the durability of the early Flemish pictures. 

I shall assume that all that can be said from an historical point 
of view has been said by Eastlake, and that it only remains to test 
the truth of his conclusions by experiment 

Eastlake's book is devoted practically to expounding the 
method of painting used by Van Eyck and his followers. 

His method is of special interest for three reasons : 

He may claim to be the inventor of oil painting in the same 
sense that Watt invented the steam engine. 

His pictures are remarkable for their durability. 

He was a Flemish painter, and had consequently to deal with 
a damp climate very similar to our own. His methods of painting 
are therefore of far more value to us than the methods used in the 
diy climate of Italy. 

In considering our subject, that is the vehicle used by the 
painter, we may treat it from two points of view. 

Either considering the permanence of the vehicle itself, or con- 
sidering the capabilities of the vehicle in protecting the pigment 
mixed with it from air and moisture. 

I shall only consider here the question of the protection of the 
pigment by the vehicle. For the more we study the old methods 
of painting the more is the importance of this matter forced 
apon us. 
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When I began I imagined that the old masters made use of a 
few absolutely unalterable pigments and in this way ensured the 
permanence of their pictures. I soon found this view to be 
erroneous. Many colours were described which were so fugitive 
that no modem artist would use them. Red, yellow, blue, and 
green lakes, for instance, prepared from vegetable dyes, some of a 
most fugitive character under the action of air, moisture, aod 
daylight. Many of these colours may have been only used for 
illuminating parchment, where, kept from light and moisture, they 
might doubtless be permanent ; but there seems to be no reason 
to doubt that many were used in the oil painting of pictures. 
How then did these men succeed in using in oil painting colours 
known to be very fugitive and therefore avoided by modem 
artists ? 

In order to understand how this might be successfully done we 
must turn to the recent experiments of Captain Abney and Prof. 
Bussell on the permanency of water colours, published in July, 
1888 (Government report). They have tested the action of sunlight 
on water colours, and they find that in dry air many pigments are 
permanent that fade in moist air, and that in vacuo hardly any 
colours are altered. If then we could' ensure the absence of 
moisture and air, many of these colours now regarded as fugitive 
would doubtless be permanent Turning again to Eastlake, we 
find that evidently the old masters quite understood this, and that 
they took especial pains to lock up fugitive colours by the intro- 
duction of some varnish ; but before going further let us put down 
briefly what vehicles were used by them for painting. They made 
use of a fine size prepared from parchment, gum arabic, white of 
egg, yolk of egg mixed with fig-tree juice and so on, but the use of 
oil was long difficult on account of its slovmess in drying. It was 
soon found, however, that certain oils, such as walnut oil, poppy 
oil, and linseed oil, had the property of becoming converted into 
hard resins in time, the process technically called drying, and that 
this process could be hastened by exposing the oil before use for 
some time to the sun or by boiling it, boiled oil drying quicker 
than raw oil. It was next found that by boiling the oil with 
litharge or white lead it would dry still quicker, and was therefore 
more suitable as a vehicle for colours. It was also known that by 
dissolving in oil certain resins, such as amber, sandarac, Venice 
turpentine, and perhaps copal, and later mastic, that varnishes 
could be prepared. These facts were known before Van Eyck, and 
he had tnese materials from which to develope his method of 
painting in oils. There can also be no doubt that boiled oil did 
not afford a sufficient protection for fugitive colours, and that 
therefore a varnish must be ground with the colour to coat each 
particle, and so protect it from the action of air and moisture. So 
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much has, I think, been proved by Eastlake, and we have next to 
ask what varnish was used, or would any varnish do. On this 
point it is apparently impossible to get any definite historical 
evidence on account of the looseness with which terms were used. 
Nevertheless Eastlake does come to a conclusion, and states his 
belief that an oil varnish ground with the colour is sufficient 
protection whether made firom amber, copal, sandarac, or Venice 
turpentine, and discards the tradition that Van Eyck made use of 
amber varnish alone. He points out that while receipts exist in 
the MSS. for preparing amber varnish, they also exist for the 
preparation of other varnishes, and there is nothing to show that 
amber was exclusively used. In fact it is improbable that amber 
varnish alone was used, as it is difficult to prepare any which is 
not very dark in colour. So difficult in fact is it to prepare that 
it can hardly be said to be an article of commerce, though occa- 
sionally varnishes claiming to be amber are sold to artists. This 
theoiy of Eastlake's is eajsily put to the test, and he quotes an 
experiment with gamboge, by Sir Joshua Reynolds, which seems 
to confirm it Unfortunately, however. Prof. Church has tested 
this point, and finds that Eastlake's theory is not tenable. He 
finds that gamboge &des as quickly when mixed with copal varnish 
(the best of resins now in use) as it does with oil alone. We are 
left then with this question still to solve, ''What varnish did 
Van Eyck use to mix with his colours ? " 

I have made some experiments which I think point to the 
correct solution of this problem. My object has been to get some 
rapid means of deciding whether a given vehicle was or was not 
permeable to moisture, and I finally hit on the following device. 
If we ignite sulphate of copper it loses all its water of combination, 
leaving a white powder which is very hygroscopic. If this powder 
is exposed to the air for a short time it turns green, owing to the 
absorption of water. I ignited therefore some sulphate of copper, 
and usii^ it as a pigment ground it with boiled oil, and painted 
it out on three pieces of glass. One of these I placed in a desicc- 
ator, one in a warm dry room, and one in a room with the window 
open. In 12 hours the sulphate of copper in the damp room had 
turned completely green, that in the dbry room slightly green, and 
that in the desiccator remained white. I then exposed all three in 
the damp room, and they were soon equally green. This showed 
me that I had here a delicate test of the permeability of such 
mediums to moisture, though this first experiment was hardly 
Csdr to the boiled oil, as it had not been allowed to harden before 
exposure to moisture. For no pigment used in practice is so 
fugitive as to be affected by exposure to moisture during the time 
the oil is drying, and therefore it was obviously necessary to try 
an experiment after the vehicles had dried completely in the 

VOL. VII. PT. II, 5 
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desiccator. I therefore next ground my sulphate of copper with 
the following vehicles, painting each out on glass : 

(1) Boiled oil alone (best commercial), 

(2) Copal varnish alone, 

(3) Common rosin in turps, 

and two with amber varnish, one prepared by dissolving amber 
in turps, the other by dissolving it in oiL These were placed 
under a desiccator and left to dry. Some of them dried very 
slowly, and had to be assisted hj warmth till at last all were diy. 
I then removed the sulphuric acid from the desiccator and replaced 
it by water, thus leaving them in an atmosphere saturated with 
moisture. Very soon some of them began to turn green, and 
after a week all had turned green except one of those painted 
with amber varnish. This experiment indicates, I think, the 
following conclusions : 

(1) That neither boiled oil nor rosin varnish, nor copal varnish, 
protect a pigment absolutely from moisture. 

(2) That amber varnish properly prepared does do so. The 
amber varnish that protected the sulphate of copper was that 
prepared with turps. The one prepared with oil failed to do so. 
Therefore we may take it that Van Eyck probably used an amber 
varnish. 



(2) On the Action of ths Copper Zinc Couple on dilute solutions 
of Nitroites and Nitrites (NaHO and KHO being absent). By 
ti AMES MoKCKMAN, D.Sc. Lond., Downing College, Cambridge. 

It is usually stated that when a dilute solution of a nitrate, 
containing a copper zinc couple, is boiled for some time, the whole 
of the nitrogen in the nitrate is given off as ammonia, which 
may be used as a means of estimating the quantity of nitric 
acia. When NaHO or KHO is added to the liquid good results 
are obtained, but when no such addition is made the quantities 
of ammonia found, by students working in the University 
Laboratory, has fallen so far short of the true amount, that it 
appeared to point to some other reaction taking place at the 
same time. I was therefore asked to examine it carefully in 
order to discover why the ammonia found was not equivalent 
to the nitrate used and what became of the remainder. 

Quantities obtained from KNO, . My first endeavour was to 
try what kind of results could be obtained by the method, how 
tsx the various experiments could be made to a^ee in the 
quantity of ammonia evolved and the amount of nitrogen that 
disappeared. A very large number of experiments were per- 
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formed in order if possible to get some kind of regularity in the 
numbers found, but without success. 

The method employed, is that one described in text-books 
on quantitative analysis. It consists in placing a quantity of 
well washed CuZn couple in a dilute solution of the salt (KNOJ 
and boiling. The steam is conducted through a condenser into 
a measured quantity of standard acid, so arranged that all the 
ammonia is absorbed. 

It is usually stated that the reaction is at an end in one 
hour, and that afterwards no further evolution of ammonia takes 
place. As this did not appear to be the case in the first set 
of observations, the boiling was continued in the succeeding ones 
until no more ammonia was given off. In doing this it was 
found necessary to evaporate to dryness, then add more water 
and evaporate again. In some cases this process was repeated 
BIX times before every trace of the alkaline gas was removed. 

Sometimes the reaction stopped long before the whole of the 
water passed over, and yet on the addition of more water a 
further evolution of gas took place. This was caused by the 
oxide of zinc, produced during the progress of the reduction, 
forming a covering to the copper zinc couple and thus preventing 
the access of the liquid. When more water was added, some of 
this oxide was washed off and the surface thus exposed con- 
tinued the reduction of the nitrate. 

The experiments gave numbers varying from 29 per cent, 
of the calculated quantity up to 67 per cent, when the ammonia 
bad been produced slowly, while it rose from 70 to 80 per cent, 
when the boiling was urged. 

Careful search was made for insoluble or soluble nitrogen 
compounds, which might resist the action of the hydrogen, such 
as basic nitrates, but no such bodies could be detected. 

Nitrites were however found to be produced in all cases. I 
give the numbers for these experiments as an example. 

On the 1st boiling A gave 55 per cent., B gave 50, C gave 55 
2nd „ 3 „ „ 20 „ 8 

3rd „ 30 „ „ „ 9 

4th „ 7 „ „ — „ 6 

5th „ » » Z^ - _9 

75 70 78 

Thus the highest number was a little more than 20 per cent, 
short of the calculated quantity. As the highest numbers were 
obtained from those solutions which had been made to boil most 
strongly, experiments were designed to try if the variation of 
the temperature caused any alteration in the chemical reaction. 

5-2 
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Effect of temperature. It was found that when the liquid 
was evaporated by heating over a water-bath no ammonia was 
produced, while the whole of the nitrate was decomposed, nitrite 
being the only substance left in the liquid. 

Action on KNOj. When a solution of KNO, was used 
instead of KNO, it was found that after boiling some time it 
was completely decomposed and the nitrous acid disappeared 
from the solution without giving any ammonia. 

As no nitrogen compounds could be found in the liquid and 
no ammonia was given off nor yet any acid compound of nitrogen*, 
I was driven to the conclusion that it came away as either N or 
N,0, probably the former, and that probably the ammonia acted 
upon the nitrous acid producing nitrite of ammonia which was 
again broken up into N and H,0. 

During violent ebullition excess of ammonia was produced 
and driven off, but during gentle evaporation it united with 
the nitrous acid, which was formed in sufficient quantity to 
combine with it. 

This appears more probable because, in the first experiments 
with nitrates, the nitrate was produced by the reducing action 
of the hydrogen, at the same time as the ammonia, while in the 
latter case (the nitrites) there was excess of this body from the 
very beginning of the reaction. In the first ammonia escaped, 
in the second, not. 

Methods of testing for N. In the experiments described the 
presence or absence of hydrogen gas was of no importance, but 
when it becomes a question of testing for nitrogen and estimating 
its volume, a large quantity of hydrogen becomes inconvenient. 
I first tried to avoid producing the gas, by using a solution of 
the nitrite of sufficient strength to absorb the whole of it, I 
found that it did not work well, the action being very slow 
and little gas coming away, and as it could not be more than 
a qualitative method it was abandoned. 

Next it was proposed to sweep out the air from the tubes 
by a current of gas (CO,) and after boiling the solution to carry 
the gas produced into a receiver in the same manner. The 
CO, was to be absorbed in the usual way. The danger of 
producing a compound of NH, and CO, which might, in presence 
of the nitrite of potash, produce nitrogen after the manner of 
AmCl and KNO,, formed an obstacle to its use. I was therefore 
compelled to substitute H. 



* Twioe I found a very slight aoid reaction produced by the gas evolved and 
t\nce considerable quantities of NO were cTolved, but after washing the ooople 
until it was perfectly free from acid or acid salt, the dilu^ solvition ^eased to ciTe 
NO, e- 
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The method of working will be understood by the aid of the 
diagrain. 
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^ is an apparatus for generating H which passes through 
a solution of silver nitrate in B, the nitrate of potash and the 
CuZn couple are placed in (7, while D contains the acid for 
absorbing the ammonia. One vessel only is used to keep the 
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capacity of the whole as small as possible, the current of steam 
was kept very gentle and the water in the outside vessel quite 
cold, E contains the granulated oxide of copper and F the 
receiver. 

After passing the gas through By C, D, E for 18 hours it was 
joined up to F, and sufficient gas sent through to force the water 
in the receiver down about three inches below the surface of the 
water in the outer vessel It was then stopped and the clip G 
closed to prevent steam passing back into B. 

The liquid in C was then boiled gently for three hours, the 
quantity of gas in the receiver was prevented from becoming 
too great by carefully heating the oxide in E. Finally by a 
current of hydrogen from A the whole of the gas was swept out 
of the tubes ; as before most of this was absorbed by heating 
the oxide in E, so that a considerable quantity was passed through 
the tubes B, C, D. The clip H was next closed and the quantity 
of N in the receiver determined. 

In order to decompose any nitrate or nitrite that might 
remain in G, HKO was added to the solution and the whole 
boiled until all the salt was decomposed, after which the ammonia 
was determined. 

The results appear in the following table : 

The weight of KNO, in the solution was '225 grms. 

of which the N would weigh 'OSllS grms. 

The result of the previously described experiment was 

N evolved as gas "02304 grms. 
N evolved as NH, 009 „ 

Total '03204 

Too much by "00086 grms. 

Given in per cent, of the salt used : 

calculated, N is 13'861 per cent., 
found, N is 14*24 „ „ 

excess, "879 „ „ 

The only other salt tried by me was the nitrate of ammonia, 
which gave nitrite on gently boiling with the couple. As that 
salt is decomposed into N and H,0 on boiling I did not consider 
it necessary to prove the evolution of N in this case. 

In conclusion I wish to say that no equation has been given, 
because the proportion of NHj evolved so evidently depended 
upon the temperature, or rate of boiling, that it would be mis- 
leading ; the reaction may be represented however by the two 
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following, combining them in varying quantities according to 
the temperature : 

(a) KNO3 + H3 = KHO + 2H,0 + NH, , 

()8) KNO3 + H, =KNO,+ H,0, 

(a + i8) KNO, + H,0 + NH, = KHO + NRNO. 
NH.NO. =N, + 2H,0. 

During the course of this research I received much valuable 
advice from Mr Sell and Mr Fenton of the University Laboratory 
for which I wish to acknowledge my obligation. 

In the previous description I have mentioned the fact that 
the strong solutions of nitrates and nitrites did not produce the 
same reactions, failing to produce a sufficient quantity of gas. 

Probably this arose from the same kind of difference being 
produced in the reaction by the variation of the density of the 
solution, as by the temperature at which it took place. This 
view was not put to any test. 

(3) On certain Points specially related to Families of Curves, 
By J. Brill, M.A., St John's College. 

1. The following communication is intended as a sequel to 
my paper "On the Geometrical Interpretation of the Singular 
Points of an Equipotential System of Curves*,'' and in it I pro- 
pose to show that the theorems which I established with regard 
to Equipotential Systems are, with certain qualifications, true of 
a much more extensive class of systema It is to be understood 
that the remarks contained in this paper refer to algebraical 
systems, as it is impossible to reason in a general manner about 
Uanscendental curves where imaginary geometry is concerned. 

In my paper entitled " Orthogonal Systems of Curves and of 
Sur&cesj" I showed that if ^ and 17 be the parameters of two 
families of curves constituting an orthogonal system^ and if h^ 
and \ be defined by the equations 

then the value of the expression 

dx + idy 

• Proc, C. P. 5., Ti., pp. SIB— 820. 
t Proc, C. P. S., VI., pp. 230—246. 
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is independent of the ratio dy : dx. Now it is evident that there 
must be certain points or loci for which the inverse of this 
expression vanishes, and therefore the expression itself becomes 
infinite. These points or loci may be considered as a generaliza- 
tion of the singular points of equipotential systems. 

I do not propose to discuss the general case, but to confine 
myself to a large and important series of cases in which the ratio 
of the two A's is some definite function of x and y, which function 
of X and y is the same for all systems of a particular class. I 
shall write hj\ = ^ (x, y), and instead of the expression given 
above shall consider the expression 

^ (^1 y) (i^ + i<h 
dx + idy 

The fact that this expression has a value independent of the 
ratio dy : dx, requires the existence of the relations 

and the value of the expression may be written in either of the 
forms 



OX 






Moreover it follows that the value of the expression 

dx + idy 
<l> {x, y) d^ -^ idv 

is independent of the value of the ratio d^ : dtf, and this requires 
the existence of the relations 

| = .^(x,y)|and|=-<^(a..y)|. 
and its value may be written in either of the forms 



dy .dx 1 (dx ,dy\ 



It is also to be remarked that the relations given above lead 
to the equation 

^dx^^^^Q 
8f dr) d^drj 
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Thus, if (£5 be the length of an elementary arc, we have 

2. We proceed to discuss the properties of the loci of ulti- 
mate intersections of the two famihes of the orthogonal system. 
Suppose that P is the point (x, y\ and that Q is a neighbouring 
pomt on the curve of the family 17 which passes through P ; then 
by the preceding article we have 



-«-={(i)"^^)]^f- 



If this vanish independently of the value of df , then two con- 
secutive curves of tne family f cut at the point P. The vanishing 
of the said expression requires that either 

or o^ ± * oi = 0. 

af af 

The first of these conditions has reference to the existence of 
a real locus of ultimate intersections, as is otherwise evident. The 
equations 

7rT, — Q and M, = Q, 

if expressed in terms of x and y, would denote two curves which 
would in general intersect in a set of discrete points. If however 
the expressions dxjd^ and dyjd^ had a common factor, then two 
branches, one belonging to each curve, would coincide, and con- 
sequently the curves of the family f would have a locus of ultimate 
intersections not consisting wholly of discrete points. We can 
however show that there are restrictions on the form of such a 
factor should it exist ; for if this factor be not such that if equated 
to zero it secures that ^ (a?, y) shall at the same time vanish, then 
it follows that at all pomts for which 

1-0 .nd 1-0. 
We have also 

?* = and 1 = 0. 

&q Of) 
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Thus at all points of the locus of ultimate intersections we have 

and ^y=g|^f + 9f*^^ = 0- 

These equations give x = const, and y = const., and thus the locus 
of ultimate intersections consists of a set of discrete points. 
Moreover this set of points is such that the coordinates of each 
of them make the expression with which we started infinite. 

Thus we have, in general, that if two consecutive members of 
one of the two families intersect, then all their points of inter- 
section are points of the character under discussion, and it follows 
that all the members of the family pass through this set of points. 
The only exception to this is that the curves of the f family may 
possibly have for a locus of ultimate intersections the locus of 
the points for which ^ (x, y) vanishes, and the curves of the fj 
family may possibly have for a locus of ultimate intersections the 
locus of the points for which the same expression becomes infinite. 

The question now arises whether these special loci, should 
they exist, belong to the generalization of the singular points of 
an equipotential system. This depends on how we define that 
generalization. If we define it with the aid of our original ex- 
pression, we see that these loci do not belong to it if they arise 
from the vanishing of h^ or A,, but if they take their origin from 
either of these quantities becoming infinite then they do so 
belong. If on the other hand we define it with the aid of the 
expression 

dx-\-idy * 

then the exact contrary is the case. 

It does not follow that either of the two families should be 
such that all its members pass through the points under dis- 
cussion, although it is true that if any two belonging to one 
family do so, all belonging to that family will. Also it is evident^ 
on account of the orthogonal property, that if one of the families 
be such that all its members pass through the said system of 
points, then those of the other family do not do so, only one 
member of that family passing through any one of the points. 
It is however conceivable that there may be cases in which the 
members of one family pass through some of the points, and the 
members of the other family through others of them. 
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3. We now pass on to discuss the case of imaginary loci of 
ultimate intersections. These are given by the condition 

It will only be necessary to consider one of these two cases, 
as the discussion of the two will be exactly similar, and we will 
choose the one given by the upper sign. The relation 

- + 1^-^ = 
reqoires also the existence of the relation 

unless the first of these relations makes ^ {x, y) zero or infinite. 
Thus, with this reservation, we have at all points of an imaginary 
locus of ultimate intersections 

i.«. a? + iy = con8t. 

If we had taken the lower sign we should have had 

a; — ty = const. 

Thus we see that if there be any imaginary locus such that 
the coordinates of all points on it make <f>(jByy) zero or infinite, 
then it is conceivable that this may be part of the locus of 
ultimate intersections of one of the families of the system. If 
not, then the imaginary loci of ultimate intersections, whensoever 
they exist, are collections of straight lines passing through the 
circular points at infinity. Each of these imaginary straight lines 
will pass through one real point, and these points will belong to 
the set of points characterized above. Further, as we are only 
considering algebraical curves, for any ims^nary point of inter- 
section {a-\-ib, c + id) there will be a conjugate point of inter- 
section (a — i6, c — id). Thus it is evident from the reasoning 
contained in my former paper that the imaginary straight lines 
occur in pairs, the two members of each pair being conjugate and 
intersecting in a real point, which is one of the points in question. 

The reasoning of this article proves only that if imaginary 
lod of ultimate intersection exist, then with the restriction speci- 
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fied above they are of the character described. Every locus of 
the form x ±iy = const, will cause the expression for da to vanish, 
but it is only such of these loci that pass through the points 
under discussion that form part of the locus of ultimate inter- 
section of the members of either of the families. 

4. As the demonstration of the preceding article is attended 
with some diflSculties, it will be perhaps well to give another 
demonstration modelled on one given by Kummer in the paper 
referred to in the communication to which this is a sequel If 
we write 

f + 17 = 2u and fi; = t;*, 

then we may consider the parameters of our two families of curves 
as the roots of the equation 

a' - 2au + 1^" = 0. 

To find the loci of ultimate intersections of the curves given by 
this equation, we have 

a— w = 0; 

and the loci we are in quest of are given by 

v^ = v', 

or w = + V. 

We will now discuss the direction of the tangent of one of 
these loci. We have 

du ^dy_{dv^dv dy\ 
dx dy dx" " \dx dy dx) ' 

du dv 
dy ^ dx " dx 
.' ' dx" du dv' 
dy dy 

It remains to express the condition of orthogonality of the two 
families of curves. We have the equations 

dx dx dx ' 

?i + f?? = 2 — • 
^dx dx dx* 

and from these it follows that 

/,. x3f ofir^** M .^ .dv oi 9w dv\ 
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Similarly we should obtain 
Substituting these values in the equation 



du dv' 



we have 



dx dx dy dy ' 






or 



Now if tt = + v, this equation becomes 



dudv du dv. __ ^ 
dx dx dy dy] ~ 



%,e. 



W W W W/ ja^c a^ ■*■ 9^ a^ 

law , avi* faa dvy ^ 



= 0, 



or 



du dv 

dx dx 

du dv 

dy dy 



= ±t. 



This proves our point. This proof is not identical with Kum- 
mer's, though modelled on it*. The mistake made by Kummer 
was to assume that the locus of ultimate intersections necessarily 
constituted a proper envelope, and thus that the points under 
discussion were necessarily foci. I have however dwelt at sufficient 
length upon this point in my former paper, and consequently it 
will need no further discussion here. 

5. It now only remains to point out a few examples of classes 
of systems that come under the case we have been discussing. 
Our first example will be drawn from systems of curves which 
{umish solutions of the equation 

da^^df'^'^ 

* If we express the equation ii'=: v' in tenns of ( and iy it beoomes p-\-if + ^sQ, 
and the lod of nltiniate interseotionB would therefore appear to be whoUy imaginaiy 
(exception being made of the points spoken of above). Emnmer's method of 
iDTestigation therefore gives rise to the question whether, if a familv of algebraical 
corves have an envelope which is not a set of discrete points, their orthogonal 
tnjectorieB will necessarily consist of a family of transoendental curves. 
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Suppose that we have two functions u and v, which are con- 
nected by the relations 

du dv . du dv 

^ — ^ =^cu and ^ + 5- = — cw. 

ox oy oy ox 

From these we easily deduce 



Thus we have 






and therefore u and v are both solutions of the equation given 
above. 

Further, the relations connecting u and v may be written in 
the form 

These relations show that we may express u and t; in terms of 
two new functions ^ and ^ as follows : 

oy ox ox oy 

From this it follows that 

OX oy oy ox 

Another good example is given by cases of irrotational fluid 
motion symmetrical with respect to an axis. In this case we 
have a velocity potential ^ and a stream function ^ connected by 
the relations 

dr^ dz^ dz dr ' 

These two examples will suffice to show that among the classes 
of systems discussed in this paper there are some which have 
applications to problems of interest. 
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March 10, 1890. 
. Mr J. W. Clark, President, in the Chair. 
The following Communications were made to the Society : 

(1) On the germination of Acacia sphaerocephala. By 
W. Gardiner, M.A., Clare College. 

[Reprinted from the Cambridge University Reporter ^ March 18, 1890.] 

Seeds of this well-known myrmecophilous plant have been 
lately germinated, both at Kew and Cambridge, affording oppor- 
tmiity of observing seedlings in all stages of growth. The striking 
manner in which this plant exhibits definite structural adaptations 
for the benefit of the ant colonies, which so efficiently garrison it, 
has suggested that the structures in question possibly owe their 
formation to the action of the ants themselves, and arise in con- 
sequence of local stimulation produced by biting (when in search 
of sweet sap) or even by stinging. Actual observation shows that 
as the seedlings assume the adult foliacfe, the stipular thorns, the 
petiolar glands, and the "food bodies" sdl develope quite normally, 
and in spite of the ants being absent. It is clear therefore that 
in plants which exist at the present time the structures appear 
without the intervention of ants. It may, however, be ur^ed that 
they were in the first instance brought into existence by ants, 
through the stimulation of ancestral forms, such stimulation 
having been persistent and extending over many generations. 
A study of germinating seedlings does not appear to support this 
view. The development of the several structures can be traced 
so gradually and through so many transition forms that there 
appear to be strong grounds for believing that the whole of the 
complicated arrangements and of the several organs concerned 
are the outcome of variation, and that the ants have done little 
more than take advantage of the results of such variation. More- 
over no absolutely new organs are present, the thorns being as 
well, or even better, developed in other species of Acacia; e.g. 
ilcocta latronum: the petiolar nectaries being well known and 
common structures: and the food bodies (as their development 
shows) being hypertrophied " Reinke's glands." 

(2) Additional note on the thickening of the stem in the 
Cacurbitaceae. By M. C. Potter, M.A., St Peter's College. 

Hitherto very few Dicotyledons have been described which 
possess a ring of normal collateral bundles and whose stem at 
the same time does not increase in thickness by means of a 
cambial ring. De Bary* mentions under this category the Saururece 

1 Comp, Anat, Eng. Ed. p. 454. 
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and some species of Ranunculus ; and to this short list we may 
add some water plants, e.g. Hippuris and Myriophyllwni, etc. 

The reason why so few Dicotyledons do not increase in 
thickness may be sought for in the habit and mode of life of 
this important series of the vegetable kingdom. Many Dicoty- 
ledons are perennial, being trees or shrubs, and require, as they 
grow older and larger, that additional phloem and xylem should 
be continually formed both for purposes of nutrition and also for 
mechanical support; and this is accomplished by means of the 
cambium ring which adds continually new phloem and xylem to 
the vascular bundles. Among the herbaceous Dicotyleoons in- 
crease in thickness is also the rule ; for these plants having annual 
stems require that sufficient phloem and xylem should be made 
for purposes of nutrition before the bundles u-e closed, and that the 
mechanically supporting tissue should be sufficiently strengthened 
to bear the increasing strains as the plant grows larger ; and hence 
a cambium ring is necessary for nutrition and mechanical support 

The few Dicotyledons mentioned above live under special 
conditions ; — Hippuris, Myriophyllum, being water plants, require 
little xylem or supporting tissue; and hence continual additions 
to the xylem are not needed, and so the bundles are closed. A^ain 
the Saururece and the species of the RanunculdcecB (viz. Ccutka 
palustris and species of Manunculus) are marsh plants, which do 
not attain to any great size and whose habit is very similar to 
that of water plants ; and hence these do not require the continual 
addition of xylem and phloem to their vascular bundles. 

The CvcurbitaceoB may roughly be divided into (1) herbaceous 
climbers with annual stems and (2) woody perennial climbers. 
The former on the one hand have the stem strengthened by a ring 
of sclerenchymatous tissue situated in the cortic^ tissue between 
the epidermis and the vascular bundles. The support derived 
from this sclerenchyma and the xylem which is formed before the 
bundles are closed, together with that which is derived from the 
external object upon which the plant climbs are sufficient ; and 
hence additional xylem is not required for purposes of support, 
the plant only requiring that the amount necessary for nutritive 
purposes should be made before the bundle is clos^. The latter 
on the other hand have no ring of sclerenchyma, and derive their 
support from the xylem and external objects; but since these 
plants are perennitJ, and continually make fresh leaves and 
branches, they require the constant addition of new xylem and 
phloem to their stems ; and from this fact we have the reason why 
a cambium ring is present. 

The explanation why an additional layer of phloem on the 
inside of the xylem is needed by the members of this order must 
again be sought for in the special conditions under which they 
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live. We have seen that in the herbaceous species a large amount 
of xylem is not needed ; but, by comparison with other herbaceous 
plants, we see tbat a considerable amount of phloem is necessary. 
This phloem receives considerable additions before the bundles are 
closed, and we may infer that it is more beneficial that the phloem 
should be divided by the xylem than that it should be placed only 
on the exterior of the xylem. 

In the woody perennial species, the amount of internal phloem 
is not large; and the requisite amount is formed in the normal 
way by the cambium as growth in thickness takes place. These 
stems have no sclerenchymatous ring, and hence derive their 
support from the xylem and external objects, and hence, as the 
tree grows larger, continual additions are made to the vascular 
bundles. 

[Received March 9, 1890.] 



(3) Note on the action of Rennin and Fibrin-ferment By 
A. S. Lea, ScD., Caius College, and W. L. Dickinson, Gains 
College. 

[B^orirUed Jrom the Cambridge Uhivernty Reporter, March 18, 1890.] 

The experiments which were demonstrated to the Society 
were made in order to verify some recent statements of Fick 
{Pflilger'a Arch., Bd. 45, 1889, S. 293). This observer had urged 
that rennin certainly, and fibrin-ferment probably, produced their 
respective actions on milk and blood-plasma without the necessary 
contact, throughout the whole fluid mass, of the ferment molecules 
with the molecules of casein and fibrinogen. If this were so, then 
the mode of action of these ferments would be strikingly different 
from that of the ordinary digestive ferments. Fick based his 
views upon the result of an experiment made by placing a 
glycerine extract of rennin at the bottom of a tube, carefiilly 
pouring some milk on the top of the glycerine and observing that, 
without mixing the two fluids, the milk rapidly clotted throughout 
its entire mass. 

The authors experimented by warming milk to 40° C. in a 
test-tube, and then carefully introducing, by means of a fine glass 
tube, an active extract of rennin below the milk. The constant 
result of this experiment was that a clot was rapidly formed at 
the junction of the two fluids, but that not until the lapse of 
several hours was the milk clotted throughout. When a similar 
experiment was made with dilute salt-plasma a narrow clot of 
fibrin was similarly formed at the junction of the plasma and 
fibrin-ferment solution. But unlike the case with milk, the super- 

VOL. VII. PT. n. C 
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jacent plasma was never clotted up to its surface even after 24 hours' 
digestion at 40°. When however at the end of this time the fer- 
ment and the plasma were mixed by shaking the tube, clotting 
throughout the whole mass speedily occurred. From these experi- 
ments the authors concluded that Fick's views are not tenable, 
and that there is no reason for supposing that the mode of action 
of these ferments differs essentially from that of other ferments. 
They explained the results obtained by Fick and themselves in 
the case of milk as due to the inevitable mixing of traces of the 
rennin with the milk, and pointed out how slight an amount of 
mixing would suffice to produce the observed result by calling 
attention to the fact that rennin will clot 400,000—800,000 times 
its own weight of casein. Their results obtained with dilute salt- 
plasma were even more striking, since with this the clot never 
extended, even after prolonged digestion, more than a few milli- 
meters above the junction of the surfaces of the ferment solution 
and plasma. 



(4) On some Skulls of Egyptian Mummied Cats. By W. Batk- 
SON, M.A., St. John's College. 

[Reprinted from the Cambridge University Reporter^ March 18, 1890.] 

Six skulls and two restored heads of Egjrptian mummy-cats 
were shown in illustration of the early history of the domestication 
of the cat. The specimens indicate that the cats embalmed by 
the Egyptians were of at least two kinds, and that the laiger 
variety was of much greater size than that usually reached by 
either the modem domestic cat or the wild cat of Europe. These 
facts have been already pointed out by de Blainville and Nehring, 
but on comparison with a series of modem skulls it is not possible 
to support the attempt to refer these animals to any particular 
species of cat The presumption is rather that cats of many kinds 
and sizes, possibly distinct, and probably including Fdis serval 
and F, caligata (? = JF'. mxmiculata and F. caffra\ were all thus 
embalmed ; but whether these animals were all domesticated or 
whether some were merely collected from time to time there is 
no evidence to show. 

Pupa-cases of the maggots which had lived in these heads 
were also exhibited. 
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AprU 28, 1890. 
Mr J. W. Clark, Pbesident, in the Chair. 

The following Communications were made to the Society : 

(1) On the series in which the components of the powers are the 
pentagonal numbers. By Dr Qlaisher. 

The principal result was that the square of the series 

1 + ? + ?' + ?■ + ?' + ?*' + ?" + 9" + ?** + &c- 
(which is known to be equal to the product 

(1 + 9) (1 + 9») (1 - 3*) (1 + 5') (1 + g-) (1 - 3«) (1 + j'). . .) 

is the series 

1 +E(n) q + £^(25) q* + E{S1) <f + £^(49) q* + &c. 

where E{n) denotes the excess of the number of divisors of n 
which = 1, mod 4, over the number which = 3, mod 4. 



(2) T^ Influence of Electrification on Ripples. By J. Larmor, 
MA., St John's College. 

The relation between the period and the wave length of ripples 
on the surface of a liquid must obviously be sensibly affected by an 
electric charge communicated to the surface. 

To investigate the amount of the effect, let us take the origin 
of coordinates on the surface, the axis of y vertically downwards, 
and the axis of x along the direction of propagation of the ripples. 

A suitable form for the electric potential V above the liquid is 

F = — Ay + A Ce'^ cos mx. 

The equation of the surface (F= 0) is then 

y = C cos mWf * 

and the surface density a of the electric charge is equal to A/4^. 

The velocity potential of the wave motion is a function ^ 
which satisfies 

da?^dy'~^' 

and gives at the surface (y = 0), 

d6 dC 

-~ = -% - cos mx. 

ay at 

6—2 
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Thus when the depth is so great that the ripples do not disturb 
the bottom 

^ = "■ ::;: ttt^ ^^® ^^' 

m at 

as this leads to zero velocity at a great depth. 

dV 
The electric charge diminishes the surface pressure hj —aw-, 

or 7- [-^} , or approximately r"(^ ) » which is equal to 



A* 

;i— (1 + 20m cos mx). 



The surface tension T diminishes the surface pressure by 

^o3 » or —TCw? cos mx, 
oar 

Now the equation of fluid pressure is 

^= const. + flry -^ - K; 

so that we must have at the surface, approximately, 

A^ TCm* 

(1 + 2Cm cos mx) + cos m^ 



47r/) 

= const. + qU cos mx 7-=- cos mx, 

^ m df 

which requires 

(W p \ m zttJ 

This gives the periodic time 



-^^V( 



m ZTT/ 



where \ is the wave length ; and the velocity of propagation is 

/2wT g\ SttcA * 
\\p 27r P ) 

The result is in fact the same as would he prodvced by a decrease 
in surface tension of amount 

SvG^/my or 4(r*X, 
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This quantity depends on X, as might have been expected, for 
the mechanical effects of an electric charge on the surface cannot be 
represented as a diminution of surface tension. To produce a 
ample reduction of tension electrically we must have the double 
condenser larger than has been assigned by von Helmholtz as the 
cause of voltaic polarization. 

When, as in the case of voltaic polarization, the ripples occur at 
the interface between two liquids of densities p, and p, the above 
formulae will clearly be applicable on substitution of />, + p, for p 

^^9(p,- pMPi + P«) for 9- 

The actual values here deduced come from the form of d> that 

belongs to fluid of some depth compared with X ; but it is oDvious 

that the surface tension effect combines with the electric effect in 

the same way in every case, and that the statement just made 

holds generally. 

As the length of the ripples diminishes, the effect of the electri- 
fication is ultimately negligible compared with tiiat of the surface 
tension, though it persists much longer than the influence of 
gravity. 

In the special case considered above the period becomes 
imaginary if X lie between the values 






9P 

80 that, if a can be made so great that these limits are real, the 
wave lengths that lie between them cannot exist* For a given 
period there will be a wave length above these limits for which 
gravity is chiefly operative, and one below them for which surface 
tension is chiefly operative. 

To obtain a rough numerical estimate : On a circular plate of 
radius a changed to potential V the electric density at distance r 

from the centre is o- = V/*rr*(a^^ r^y, while on a sphere of the same 
radius the electric density is <r = VI4eiray which is rather less than 
that at the centre of the plate. At the centre of the plate the 
effective diminution of surface tension will be 4tV*\/Tr*a*, If we 
take a 10 cm. and X 1 cm. this gives about F72500 in CG.s. units. 
The value 33 for V makes the striking distance in air between 
balls 2 cm. in diameter about '3 cm., while according to Mascart the 
value 400 makes the striking distance between balls 2'2 cm. in 
diameter about 10 cm.; the former value gives an effective diminu- 
tion of surface tension of ^^, the latter gives 64. For water the 
actual surface tension is about 80, for mercury 540. The electric 
effect is therefore considerable : thus Prof. C. Michie Smith {Proc. 
R. S. Edin.y March, 1890) has observed an effective diminution of 
20 per cent, in the case of mercury owing ta electrification. 
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(3) On Sir William Thomson's estimate of the Rigidity of the 
Earth. By A. E. H. Love, M.A., St John's College. 

{Abstract.) 

In Thomson and Tail's Natural Philosophy (part li. ai*t. 834 sq.) 
there is given an estimate of the rigidity of the earth derived from 
a consideration of tidal phenomena. For the purpose of obtaining 
such an estimate the earth is regarded as a homogeneous elastic 
solid sphere, of gravitating matter and incompressible, which is 
supposed to be strained by its own gravitation and by the action of 
external disturbing bodies such as the moon. The amount of the 
tidal distortion is measured by the ratio of the spherical harmonic 
deviation of the disturbed surface from the mean spherical figure 
to the radius of the mean sphere, and this is compared with the 
corresponding ratio in case the rigidity is annulled, Le. in the case 
of the earth regarded as a homogeneous fluid sphere disturbed by 
the same system of forces. We may for shortness speak of the first 
dynamical system as a * solid earth,' and of the second as a * fluid 
earth.' It is shown that the ratio of the amount of tidal distortion 
in a * solid earth ' of the same rigidity as glass to that in a ' fluid 
earth' is about '612 or nearly f, while if the rigidity be taken to 
be that of steel the ratio is about '321 or nearly j. In a perfectly 
rigid ' solid earth * the ratio would be zero. The height of the tide 
as given by the observable rise and fall of the sea relatively to the 
land is the diflerence of the spherical harmonic deviations of the 
' fluid earth ' and the ' solid earth ' by which the actual earth can 
be most approximately replaced. It is concluded that in case the 
rigidity were that of steel the height of the tide would be reduced 
to about f of what it would be in case the earth were perfectly 
rigid, and that if the rigidity were that of glass the height of the 
tide would be reduced to about f of what it would be in case the 
earth were perfectly rigid. From the observations that have been 
made Professor G. H. Darwin, whose method and conclusions are 
given in the same volume, deduces that the actual amount of the 
observable fortnightly tide cannot be much less than f, and cer- 
tainly cannot be nearly so small as J of that calculated in the 
ordinary equilibrium theory in case the earth is regarded as per- 
fectly rigid, thus confirming Sir William Thomson's estimate of the 
' tidal effective rigidity ' of the earth, that it is much greater than 
that of glass and probably about that of steel. 

It appeared to me to be worth while to try to find out what 
would be the efibct of supposing the material of the solid replacing 
the earth to have finite compressibility as well as rigidity. For 
most solids that have been tested by experiment the two elastic 
constants, the resistance to compression, k, and the resistance to 
distortion, n, are connected very nearly by the relation 3k^ bn,so 
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that in replacing the earth by an elastic solid mass of gravitating 
matter we may perhaps be enabled to estimate better the amount 
of the tidal distortion if we assume this relation to hold. I have 
therefore solved the following problem — A mass of solid matter, 
homogeneous in the natural state, free from all applied forces, and 
filling a spherical surface, being given, such solid is strained by its 
own gravitation according to the Newtonian law, and by the 
application of external disturbing forces having a potential ex- 
pressible in spherical harmonic series. Supposing the deformed 
free surface expressed as a harmonic spheroid, it is required to find 
the amount of the harmonic inequality. — The notation of Thomson 
and Tait's Natural Philosophy is used and the solutions of the 
parts of this problem there considered are adopted. The problem 
has not been previously solved with the generality here considered. 
Now the general equations of equilibrium of the solid are 
three, of the type 

Wg- + »iV'a + /)X = (tt), 

and it is well known that the solution consists of two parts, (1) any 
set of particular integrals of these equations, and (2) such comple- 
mentary functions satisfying a system identical with (a) when the 
terms depending on the bodily forces such as X are left out as 
with the set of particular integrals (1) will satisfy the condition 
that the external surface remains free from stress after the defor- 
mation. The complementary functions for our problem are given 
in Thomson and Tait, Art. 736, and the method here used for 
obtaining the particular integrals is the same as that of their 
Art 834, but the surface conditions cannot be immediately written 
down by their method. This happens for two reasons — firstly, 
because the stress arising from the attraction of the mass is so 
great compared with the other stresses, that its amount has to be 
estimated at the external deformed surface and not at the mean 
spherical surface as the others may be, and secondly, because part 
of the system of bodily forces consists in the attraction of the har- 
monic inequalities whose expression involves the complementary 
functions. It is however easy to surmount the latter difficulty by 
forming an equation giving the potential of the harmonic inequali- 
ties in terms of the disturbing potential and quantities that occur 
in the expression of the complementary functions. The method of 
estimating the surface tractions that must be regarded as applied 
to the mean sphere in consequence of the attraction of the mass, I 
have considered in a previous paper {Proc. Lond. Math. Soc., xix. 
pp. 185 sq.) in the case of vibrations, and a like method applies 
here. The total surface traction arising from complementary 
functions and particular integrals is thus found and resolved into 
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three components parallel to the coordinate axes, and each of these 
is equated to zero. The result is the determination of all the un- 
known harmonics occurring in the complementary functions. La 
the complete solution of tne problem, and in particular an ex- 
pression is obtained for the amount of the harmonic inequality. 

It is of some importance to notice the way in which gravity 
rigidity, and compressibility, occur in the result, and I snail for 
simplicity of statement here limit the expression of the results to 
two cases. In the first, which is that considered by Thomson and 
Tait, the matter is supposed incompressible. In the second the 
matter is supposed compressible as well as rigid in such a way that 
the constants m and n are connected by the relation m = 2n, equi- 
valent to the relation 3A; = 5n above referred to. In both the 
density is supposed equal to the earth's mean density, and the dis- 
turbing forces derivable from a potential, which is a spherical solid 
harmonic of order 2, say W^ This is the case for tidal disturbing 
forces. Then in both cases the amount of the harmonic inequality 
is expressible in the form eWJg where g is the value of gravity at 
the surface, and the number € is a rational function of a certain 
number S^ such that (3S^)"* is the ratio of the velocity of waves of 
distortion in the material to the velocity due to falling through a 
height equal to half the radius of the sphere under gravity kept 
constant and equal to that at the surface. In the first case I find 

'=6srTi9 (^>' 

agreeing with Thomson and Tait's result, and in the second case 

a 3356 500 + 8631005 + 55485^ 

^ 70 + 95' 58900 + 271605 + 260iy '"^^^' 

The value of 5 is zero when the matter is perfectlv rigid, about 
I when the rigidity is that of steel, about 5 when the rigidity is 
that of glass, and infinite when there is no rigidity at all. 

We may regard e as an ordinate and 5^ as an abscissa and 
trace the curves (6) and (c). The curve (6) is a rectangular hy- 
perbola, and the asymptote 6 ~ constant gives the limiting value | 
of 6 when the rigidity vanishes. The branch of the curve (c) which 
passes through the origin lies very near to the corresponding branch 
of the curve (6) for all positive values of 5^. It has an asymptote 
giving the limiting value of 6 something less than f . For all values 
of 5 lying between 5 = and 5^ = 5, the curve (6) lies below the 
curve (c) but the distance is very minute. For some value greater 
than 5 = 5 the curve (6) crosses the curve (c) and the value of ( 
given by supposing the matter incompressible is greater than that 
given by supposing 8k = 5n, The value of c for steel (5 = |) is 
about *803 as given by the curve (6) and about '856 as given by (c), 
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and for glass (^ = 5) the value of € is about 1*53 as ^veu by (6) 
and about 1*54 as given by (c). To compare the heights of the 
tides in these cases with those given by the ordinary equilibrium 
theory we have to multiply by |, the result is the fraction by 
which the height of the tide is reduced by the elastic solid yielding. 
It is as in the case considered by Thomson and Tait about ^ when 
the rigidity is that of steel, and about f when the rigidity is that of 
glass. 

May 12, 1890. 

Mb J. W. Clark, President, in the Chair. 

The following communications were made : 

(1) The action of Nicotin upon Hie Fresh-water Crayfish, By 
J. N. Langley, KA., F.R.S., Trinity College. 

When 1 to 3 mg& of nicotin, in a 1 p. a solution, are injected 
beneath the epidermis of a crayfish, there is a very remarkable 
paralysis of certain functions of the nervous system. Almost 
immediately after the injection there is a tetanic contraction of 
the striated muscles of the body, so that the eye-stalks are drawn 
in, the antennse and antennules bent backwards, the ambulatory 
legs are flexed, the claws firmly closed, and the tail bent This 
tetanic condition lasts for a minute or two only. Before it passes 
off, or a little after it has done so, there is a strong peristalsis of 
the intestine with a rhythmic movement of the vent; the duration 
of this is variable, it may go on for an hour or more ; for a time 
after it has ceased the movement of the vent can be readily pro- 
duced by local stimulation. But neither the tetanic contraction of 
the striated muscles nor the rhythmic movement of the unstriated 
muscles are effects peculiar to nicotin; many other substances have 
a similar action. 

After the tetanic period, there follows a period of complete 
flaccidity of all the striated muscles, the respiratory movements 
bave ceased, and there is no movement of any segment; reflex 
movements are for a short time abolished, but soon slight sluggish 
reflex movements of flexion or extension may be obtained from any 
one of the ambulatory legs by scratching the shell of the leg ; the 
movement is usually local, though sometimes the segment above 
and the segment below also move. 

In a quarter of an hour or more, — the time varying with the 
amount of nicotin given and with the condition of the crayfish — 
tbe normal movements of the scaphognathites begin again, about 
the same time the flagella start their active, lashing movements, and, 
though as a rule somewhat later, there are fairly normal rhythmic 
movements of the swimmerets. E^h of the three structures 
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mentioned has at irregular intervals periods of rest, these are most 
frequent and longest in the case of the swimmerets; least frequent 
and shortest in the case of the scaphognathites. The movements 
can be stopped for a few seconds by various slight sensory stimuli. 

Although the scaphognathites, flagella, and swimmerets thus 
rapidly recover their ordinary rhythmic action, the crayfish lies as 
it is placed and there is an almost complete absence of other 
movement; there may be a slight slow movement of an ambulatory 
leg, but this is probably of a reflex nature. This condition is^ in 
its chief features, maintained for one to two months. During this 
time there is a progressive slight improvement in the reflexes so 
that stimulation of any one segment causes a greater local effect 
and gives rise more readily to movements in other segmenta The 
reflex movement however never becomes very active. The last seg- 
mental reflex to recover is the closure of the great chelae on touch- 
ing their inner surfaces ; there are some other odd points in the 
order and extent of the recovery of the reflexes, but as these have 
not been quite the same in all cases, I shall consider them at 
a later time. If food is pushed into the oesophagus, it is apparentiy 
carried on and digested, but I have not seen any recovery in the 
power of the maxillae or mandibles to aid in taking up food; in one 
case only (five to six weeks after nicotin injection) did the chelae 
of the first two ambulatory legs close on placing a small piece of 
food between them, but even then no movement was made to cany 
the food to the mouth. 

Two months is the longest time for which I have kept a cray- 
fish after it has received 2 or 3 mgs. of nicotin; in every case there 
was some cause, such as the cessation of the water supply, to which 
death may have been due. I am, then, unable to say whether or 
not the above-mentioned amount of nicotin is eventually fatal. In 
the paralysed state of the crayfish, fungus rapidly grows on the 
animal, and this unless frequently removed is sufficient to cause 
death. 

The paralysing action of nicotin upon the crayfish is due to its 
affecting the central nervous system, and not to its affecting either 
the peripheral nerves, the nerve-endings, or the muscles. This can 
be shown readily by giving nicotin to a crayfish and then stimu- 
lating one of the peripheral nerves, the stimulation causes contrac- 
tion in the muscles of that segment. 

It is clear also that the action of nicotin on the central nervoas 
system is to an extraordinary degree selective, that is to say, that 
certain parts of the central nervous system are affected very much 
more than others; thus the nervous action causing rhythmic move- 
ments of the scaphognathites, flagella and swimmerets soon 
returns to its normal condition, whilst the nervous action lead- 
ing to walking, swimming, masticatory movements, etc. s^e stopped 
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for a mouth or two, if not permanently. Broadly speaking those 
actions which may be considered voluntary are the most interfered 
with by nicotin. 

Further, a comparison of the effects of nicotin on the crayfish 
and of the effects of section of different parts of the central nervous 
strand, such as those made by Ward, makes it probable that in each 
ganglion there is a part which is paralysed by nicotin, and a part 
which is only slightly affected; the former being concerned with 
the more complicated movements, the latter with the simplest 
kind of reflex action. 

On account of the lasting action of nicotin on certain functions 
of the ganglia, i.e. probably on certain nerve-ceUs, it is not unlikely 
that a morphological change may be visible in some of the nerve- 
ceUs of each ganglion, if the ganglia be observed some time after 
nicotin has been given. But as this point requires a careful study 
of the normal structure of the ganglia of the crayfish, I reserve it 
for a later communication. 

Electrical stimulation of the nervous chain in a crayfish a short 
time after nicotin has been given to it differs in its effect from that 
produced in a normal crayfisn; the contraction is less, and is limited 
to one or two segments above and below the point of stimula- 
tion ; apparently each ganglion sends fibres to two or three seg- 
ments, and the effects observed are due to a stimulation of these 
nerve-fibres after they have left the ganglion ; whereas the other 
ascending and descending nerve-fibres end in nerve-cells in the 
various ganglia; where in consequence of the action of nicotin, 
the nervous impulse set up in the fibres is stopped. 

(2) On a new species of Phymosoma. By Arthur R Shipley, 
M.A., Christ's College. 

During a visit to the Bahama Islands, Mr Weldon was fortu- 
nate enough to find three specimens of a large brown Phymosoma, 
whilst investigating the Fauna of the Bimini lagoon. He came to 
the conclusion that these specimens belonged to no described 
species of Phymosoma^ and was good enough to hand them over 
to me for description. I propose to call this species Phymosoma, 
Weldonii. 

The length of the three specimens varied between 3*5 cm. 
and 3 cm. ; their bodies are plump and slightly curved. The 
^und colour of the preserved specimens is light yellow, but this 
18 modified over the surface of the body by dark brown papillae. 
In all three specimens the introvert is retracted, and in this condi- 
tion is about 1 cm. long. The papillae are of two kinds, flat, brown, 
rectangular, low elevations on the skin of the trunk, and conical, 
elevated protuberances of a light colour on the introvert 
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No hooks or traces of hooks were found on the introvert. 

At the base of the introvert, just behind the head, is a well- 
developed collar, such as I have described in detail in Phymosama 
variaiis. 

The mouth is surrounded by a vasculsu* lip, which at the dorsal 
middle line is continuous with the base of the lophophor. The 
latter is in the shape of a double horseshoe, and is conaposed <rf 
from 70 to 80 tentacles. 

There is nothing to call for remark in the arrangement of the 
internal organs, with the exception of the fact that there are onlv 
two retractor muscles. Such an arrangement is only met vrith 
elsewhere in PA. Ruppellii from the Bed Sea. The absence of 
hooks and of any traces of them is striking, but it occurs in five 
other species out of a total of 28 described. 

Habitat ; the Bahama Islands, Bimini lagoon. 

(3) On the action of the Papillary Muscles of the Heart*. By 
J. George Adami, M.A., M.B., Christ's College. 

From time to time during the last twenty years continental 
observers have suggested that, in order to explain certain clinical 
phenomena, the papillary muscles of the ventricles must be looked 
upon as either contracting in a different manner to, or later than the 
rest of the heart, and in this country Binger has suggested that 
one form of irregularity of the heart's action is due to a want of 
synchronism between the contractions of the muscles in question 
and the ventricular wall. On d, priori grounds it would seem most 
unlikely that the papillary muscles contracted absolutely s3'nchro- 
nously with the ventricular wall, for, were this the case, they 
would apparently nullify themselves. Attached as they are by the 
chordsB tendiness passing from their apices to the edges and under- 
surface of the flaps of the auriculo-ventricular valves their main 
use is to aid in the complete closure of these valves, and thus to 
prevent regurgitation of blood into the auricles when the ventri- 
cles contract. And such is their position with relation to the 
auriculo- ventricular orifices that did they rapidly shorten contem- 
poraneously with the sharp beginning of the general ventricular 
contraction, at a time, this is, when the blood pressure in the 
ventricular chamber has not been greatly raised, in the absence of 
such sufficient counteracting pressure upon the under surface of 
the valves they would the rather pull the flaps of the valves apart, 
and aid regurgitation. Yet up to the present no one has to my 

* This paper embodies the resultB of a research that Professor Boy and I have 
been engaged upon conjointly during the last year. Fuller details wiU be found 
in a seriefl of articles upon the 'Heart-beat and Pulse- wave,* published in tb« 
Practitioner, 
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knowledge endeavoured to obtain a simultaneous record of the 
work performed by these two portions of the cardiac muscle — ^nor 
has the probability that the two have different periods of action 
become in any way a part of general medical doctrine. Doubtless 
physiologists and medical meo have voluntarily neglected to 
attempt exact observations upon this subject, from their knowledge 
that it is almost impossible satisfactorily to solve what would seem 
to be a much more simple matter, — the relation in time of the 
contraction of the muscle of the base and of the apex of the ven- 
tricle. And thus it has come to pass that nothing has been 
accomplished in what Professor Roy and I now find to be a field 
for research yielding suggestive, if not rich and important results. 
Without the aid of oiagrams it would be difficult and tedious 
to describe fully the apparatus employed by us in our work upon 
this subject, but some idea may be given of the mechanism of our 
instrument. In order to understand as fully as possible the nature 
of the papillary contraction it is necessary to gain at the same 
time a tracing of the contraction of the ventricular wall, so that 
the relation m time of the different portions of either curve 
obtained may be interpreted in terms of the other. We found 
that the most satisfactory means of recording the ventricular wall 
contraction was as follows. Taking two points upon the anterior sur- 
face of the left ventricle, one near to the apex, the other nearer to 
the base, to the former was attached a light but firm rod, moving 
easily upon an axis so as not to prevent or modify the general to- 
and-fro movement of the heart ; into the latter .was inserted a hook 
having a long shank, and these two parts of the instrument were 
connected in such a way with each other, and by means of a fine 
thread with the recording lever, that approximation of the two 
points upon the cardiac surface, that is to say, contraction of the 
muscle of the ventricular surface, resulted in an upward movement 
of the lever point ; separation and cardiac dilatation, in a down- 
ward movement 

If now the light rod forming one limb of the above arrange- 
ment were attached to the surface of the ventricle over the 
region of insertion of one of the papillary muscles, a record 
of the contraction of this muscle could be simultaneously ob- 
tained by fixing on to the rod a cross-bar having at its further 
extremity a pulley, round which passed a fine thread, attached at 
one end to a second lever, and at the other to a strong hooked 
wire pulling upon one of the flaps of the mitral valve, and by this 
means upon the papillary muscle. To gain this attachment it was 
necessary to clamp off temporarily the left auricular appendix 
from the rest of the auricle, to make a small incision through its 
walls, to pass into this incision the hooked wire, to ligature the 
ooUar, in which the wire worked, to the wall of the appendix, and 
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then, removing the clamp, to pass the wire down through the 
mitral orifice and hook it over the edge of the mid-portion of one 
of the valve flaps. This operation required a certain amount of 
practice; the form of the curve shewed when it had been rightly 
performed. Attached in this way the hook pulled upon the free 
edge of the valve, and so through the chordaB tendineaa upon the 
papillary muscles, while the wire moved freely to and fro through 
the collar inserted in the auricular wall ; there was little or no 
disturbance by clotting. The two levers recorded simultaneously 
upon the revolving drum, the one the contraction of the ventricu- 
lar wall, the other the approximation and separation of the base of 
the columna carnea and the edge of the mitral valve, that is to 
say, the contraction and expansion of the papillary muscle. 

Tracings so obtained shewed that the papillary muscles begm 
to contract and pull upon the mitral valves at a very definite 
interval after the commencement of the ventricular systole, indeed 
the interval between the two is so well marked that the papillary 
curves frequently exhibit an initial depression, due it would seem 
to an actual stretching of the papillary muscles and separation of 
their bases from the edges of the valve, the increased blood 
pressure within the ventricular chamber acting upon the valve 
and tending to drive it upwards into the auricular cavity. This is 
followed by the rapid contraction of the papillary muscles, which 
in its turn afi*ects the curve obtained from the ventricular wall 
Up to the moment when the papillary contraction begins, the lever 
point registering the heart-wall curve had ascended rapidly and 
in an almost straight line ; but now the ascent is slowed, and at 
times there may be a slight depression or actual notch on the 
upstroke. This does not indicate that there has been an inter- 
ference with the act of contraction on the part of the heart-wall, 
but that the shortening of the contracting muscles has been inter- 
rupted, and this lessened shortening is due to the sudden increase 
in the intra-ventricular blood pressure consequent upon the papil- 
lary contraction. Small in bulk as they are compared with the 
heart-wall, the musculi papillares by pulling upon the large flaps 
of the mitral valve must exert an influence upon a very consider- 
able proportion of the surface of the ventricular cavity, and their 
contraction must have a distinct effect upon the intra-ventricular 
blood pressure. That this is the case is rendered evident by a 
comparison of the heart-wall curve with the curve of intra-ventri- 
cular pressure. The slowing or depression upon the upstroke of 
the former corresponds in time with a very well-marked rise or 
secondary wave upon the latter, and it is this sharp rise of pres- 
sure due to the contraction of the papillaiy muscles that hinders 
for the time the shortening of the muscle fibres of the wall of the 
ventricle : these fibres suddenly receive, as it were, an extra load, 
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and though there is no stoppage in the act of contraction the rate 
and extent of their contraction are in consequence diminished. 

The sudden powerful contraction of the musculi papillares is 
followed by a stage in which the shortening of the muscles is 
slowed and the ascent of the curve more gradual: and simul- 
taneously there is a more rapid ascent of the heart-wall curve. 
After this both portions of the ventricle remain for a comparatively 
long period in a state of contraction unaccompanied by further 
shortening, and the summits of both tracings are more or less 
flattened. We then find that the papillary muscles begin to 
expand before the rest of the ventricle. 

To sum up the above details : the papillary muscles begin to 
contract later than the ventricular walls, and commence their 
expansion at an earlier period. They act indeed only during that 
period when upon k priori grounds we should expect them to he 
contractedy nd pulling upon the segments of valve until these 
have been brought into firm apposition by the increased blood 
pressure, beginning to act also at a time when further increase 
of pressure would tend to drive the segments' upwards into the 
auricle, and so cause regurgitation. Their contraction produces 
a sudden definite increase in the intraventricular blood pressure, 
well marked upon the blood pressure curves, and this increase 
causes a diminution in the rate of shortening of the muscle of 
the heart-wall, indicated by a depression upon the line of ascent 
of the curve obtained from the ventricular wall 

We hesitate to oflfer any explanation of this virtually inde- 
pendent action of the papillary muscles : we can only declare that 
the more we have studied the tracings obtained under various 
conditions, the more we have been led to conclude that the 
moment when they begin to contract is not primarily dependent 
upon the moment of commencing ventricular contraction. We 
find for example that an overdose of liquor strychnine may lead 
to complete asynchronism between these two components of the 
ventricular action; or, again, there may be a ventricular systole 
unaccompanied by papillary contraction, or vice versa. Again, the 
first effect of strophanthus is to cause rapidly increasing force of 
the contraction of the papillary muscles as compared with the 
heart-wall. Further, the period of papillary contraction bears no 
direct relation to the moment of origin of the pulse wave, to the 
time that is when the blood begins to pour from the heart 
into the arteries. Yet under normal conditions the pulse wave 
would seem to begin almost at the moment when the musculi 
papillares exert their first sharp strong pull upon the valves, and 
so act as an additional factor in raising the intraventricular 
presfoire above that in the large arteries. In short, the phenomena 
of the papillary contraction would appear to supply further proof 
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as to the automatic, non-nervous action of cardiac mu8cle-fibr». 
No nerve ganglia, and, as far as we know, no nerve fibres have 
been made out as controlling the musculi papiUares, and the 
moment at which they begin to contract, the duration, and the 
extent of their contraction would appear to be determined in large 
measure by the intraventricular blood pressure and the quality of 
the blood. 

In conclusion, a few words may be said as to the way in which 
our observations throw light upon certain peculiarities of the 
pulse curve, which so far have been very variously explained — 
and as to which there has been much uncertainty. In tracings of 
the normal pulse gained by Marey's sphygraograph, or the equally 
unsatisfactory modification thereof usually employed in this 
country, or again by Dudgeon's sphygmograph in what may be 
termed its lucid intervals, there can often be seen two well- 
marked secondary waves in the first part of the curve previous 
to the dicrotic notch. The first of these has received the name of 
'apex' or 'percussion' wave, the second that of 'tidal' or 'pre- 
dicrotic' That the former is not simply due to inertia is shewn 
by the fact that not unfrequently a small inertia wave may be 
superposed upon it, removable by proper adjustment of the instru- 
ment. By comparing the curves of the contraction of the ven- 
tricular wall or of the intraventricular blood pressure with the 
pulse curve taken simultaneously at the base of the aorta. Professor 
Roy and I have been enabled to shew that the first of these curves 
corresponds in time to the first period of contraction of the papillaiy 
muscles and the consequent increase in the intra-cardiae (and 
intra-arterial) blood pressure. This should therefore be termed 
the papillary wave. The second we consider is not by any means 
a secondary wave, but is really the latter portion of main wave due 
to the general ventricular systole, the first smaller papillary wave 
being superposed upon its first portion. This we would call the 
systole remainder wave, or, more shortly, remainder wave. 

The same series of observations has also given us an explana- 
tion of the form of pulse usually termed the anacrotiCy in which 
there is a small well-marked wave upon the upstroke of the pulse 
tracing, not, as in normal conditions, forming the apex of the curve. 
This form is to be found in cases where there is high intra-arterial 
pressure, or obstruction to the onward flow of the blood. Where 
there is high intra-arterial pressure there also the intra-cardiac 
pressure must be raised to a correspondingly high point before it 
becomes greater than that in the aorta, and before the valves be 
thrown open, that is to say, the pulse wave must begin at a later 
period of the cardiac systole. I have already stated that there is 
no absolute relation between commencement of the papillary 
contraction and the moment of opening of the aortic valves. 
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Sence in this case a fair portion of the papillary coDtraction has 
iakcD place before the blood begins to pass from the ventricle, or 
^ speak more correctly, before the pulse wave can be propelled 
ilong the aorta, consequently the papillary contraction is shewn 
but incompletely upon the pulse wave, only its latter part is 
represented in the pulse, the papillary wave appears at a lower 
point on the ascent of the curve than under normal conditions, 
the greater portion of the blood being expelled by the long con- 
tinuing^ systolic contraction; in fact, the papillary factor of the 
pulse is small, the systolic remainder considerable. It is interesting 
to note that where the intra-arterial pressure is greatly increased 
the intra-cardiac pressure curve shows the same tendency toward 
anacrotism ; the papillary wave, instead of forming the apex of the 
curve, may be comparatively low down upon the line of ascent. 



(4) Mr S. F. Harmer exhibited some living specimens of a 
Land-Planarian {Rhyiichodemus terresttns, O. F. Miuler) found in 
Cambridge. This animal was first described as a native of England 
by Rev. L. Jenyns (Observations ia Natural History, London 1846), 
who discovered it in abundance in the woods of Bottisham Hall, 
near Cambridge. In the present instance, a search (made by 
kind permission of R. B. Jenyns, Esq.) in the same locality resulted 
in the discovery of a few specimens ; and it was ascertained subse- 
(mently that 12. terrestris is by no means uncommon in Cambridge 
(Kings College, Botanic Gardens). It may readily be found 
by examining the damp lower surface of logs of wood which have 
been lying for some time on the ground. Since the first discovery 
of the animal in England, it seems to have been very seldom 
found : but from its wide distribution in Europe generally and 
in England, and from the &ct that it is not very likelv to be 
found unless it is specially looked for, it is probable that this 
animal is much commoner than is usually supposed. Several egg- 
capsules of K terrestris were discovered on May 15, on examining 
fragments of rotten wood among which some specimens of the 
animal had been kept for a week. 
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May 26, 1890. 
Mr J. W. Clark, President, in the Chair. 

The following Communications were made to the Society : 

(1) On Solution and Crystallization, III. Rhombohedral and 
Hexagonal Crystals. By Prof. Liveinq. 

(Abstra^ct) 

In a former communication (Trans. Vol. XIY.) the author had 
suggested, in order to account for hexagonal crystals, an arrange- 
ment of molecules defined by supposing space to be divided by 
planes into right triangular prisms, and a molecule placed at each 
corner of the prisms. No mechanical reason, however, was forth- 
coming to account for the molecules assuming such an arrange- 
ment. On the other hand if we suppose the excursions of the 
parts of the molecule to be comprised within an ellipsoid of definite 
dimensions for each kind of matter, and suppose that in passing 
into the crystalline state these ellipsoids pack themselves as 
closely as possible (which they will do if they attract each other 
according to any law), the surfaces of minimum tension will be 
certain planes having the symmetry observed in crystals. That 
symmetry depends on the dimensions of the ellipsoids. If they be 
spheroids, and if oblate have their axes in any ratio except 2 : 1, 
and if the orientation of the axes be such that each spheroid is 
touched by six others in points lying in a plane perpendicular to 
the axis of symmetry, the arrangement will be the same as if space 
were divided into equal rhombohedra and a molecule placed at 
every corner. In this case the surfaces of minimum tension will 
be planes having a rhombohedral symmetry. But in arranging 
the spheroids so as to place the greatest number in a given space 
there are two arrangements with the centres in planes perpendi- 
cular to the axis of symmetry which give the same number of 
spheroids per unit of volume, and are therefore so far equally 
probable. These two arrangements correspond to twin crystals 
when the twin axis is the axis of symmetry. A crystal formed of 
such molecules may therefore, so far as the packing of the mole- 
cules determines its structure, be built up of alternate layers, of 
no particular thickness, of twin crystals. If the external form be 
rhombohedral such alternations will in general give ridged faces, 
for which the surface tension will not be the minimum. But if 
the external form be any one (or more) of those known as hexago- 
nal, it will be identical for the two individuals of the twin, and 
this circumstance will determine the growth of hexagonal forms in 
cases in which the surface tension of the hexagonal forms is not 
much greater than that of rhombohedral forms. At the same time 
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the fact that hexagonal forms lend themselves to the production of 
approximately globular masses with a minimum total surface, will 
increase the tendency to the development of hexagonal forms. 
We may still however get rhombohedral forms in some cases. It 
has been shown that if the molecular ellipsoids be oblate sphe- 
roids with their principal diameters in ratio of V2 : 1, and they be 
arranged so that each be touched by four others in the plane of its 
principal circular section and by four others in each of two other 
planes parallel to the first, the crystal will have cubical symmetry, 
and if we suppose the system uniformly strained in the direction 
of one of the diagonals of the cubes the spheroids will be deformed 
into ellipsoids and the crystal will have rhombohedral symmetiy. 
In this case the alternations of twins will not be equally probable 
and the rhombohedral forms will generally predominate. Formulae 
are given for calculating the relative probability of different forms 
when the angular element of the crystal is known, and their appli- 
cation shown by examples. 



(2) On the Curvature of Prismatic Images, and on Amicis 
Prism Telescope. By J. LarmoRi M.A., St John's College. 

It is well known that, in homogeneous light, a prism acts as a 
telescope in magnifying transversely the dimensions of objects in 
the field of view, while their longitudinal dimensions remain un- 
changed. In fact an incident parallel beam emerges as a parallel 
beam, so that the prism forms a telescopic system ; and the trans- 
verse magnification along any ray is, by the general law applicable 
to such systems, equal to the inverse ratio of the breadths of these 
incident and emergent pencils. 

These considerations apply equally to any battery of prisms. 

As a single prism has a position of minimum dispersion which 
is different from the position of minimum deviation, it follows that 
two prisms, of the same kind of glass, may be combined in opposing 
fashion so as to form an achromatic pair, while some deviation 
remains, and therefore also some magnification. By combining in 
perpendicular planes two such achromatic doublets, of equal magni- 
fying power, Araici long ago succeeded in producing a telescope 
which magnified equally (about 4 times) in all directions, was 
made of the same kind of glass throughout and yet achromatic, 
and, according to Sir John Herschel's experience of it {Encyc. 
Metrop. 'Light,' § 453), gave images of remarkable perfection. 

The image of a straight-edge or slit, seen through a prism with- 
out a collimator, is a curved arch or bow : and it has been pointed 
out by Sir Howard Qrubb that when the prism is rotated the 
curvature of this arch is proportional to the dispersion of the 
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spectrum produced This law will be formally established below 
for any cylindrical optical system whatever which is composed 
throughout of the same kind of glass : it may be readily verified by i 
cursory examination of a pair of prisms standing on a flat plate. It 
follows from it that each of Amici's doublets gives images of straight 
lines which are free from curvature for the very reason that thej 
are free from chromatic defect ; and the remarkable absence of dis- 
tortion noticed by Sir John Herschel is explained. 

We proceed to obtain a formula for the curvature of the image 
of a vertical slit seen a distance a through a system of prisms ami 
cylindrical lenses of the same material, standing on a horizontal 
plane. The horizontal projection of a ray which is travelling at an 
inclination to the horizontal plane — and is therefore refracted to 
an inclination ffy given by the same law sin d = /a sin ^ as that of 
Snell — will be refracted according to the variable index /x cos ^/costf, 
or approximately /*+ \ (/a —/a"') ^, as fl is small. This principle, as 
was pointed out by Stokes, will suffice for the solution of the 
problem. 

Thus the coordinates of a point on the image are 

x = a6y 

where D is the deviation of a horizontal ray. 

The curvature is equal to ^yja?, and is therefore 

ft — ft"* dD 
a dfi ' 

wherein -7— is clearly the angular dispersion of the spectrum pro- 
duced by the combination. 

The investigation is no more difficult for a slit inclined at an 
angle e to the vertical. In this case 



therefore 



y = a5tan€ + aj^fltan€ + ^i(/A-/A"')^[; 

(.^dD\ IdD, .,,. 



d<l>/ 2a dfA 

Thus the image is parabolic, of the same curvature 

fi — ft"* dD 
a dfi ' 
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as above ; and 

tan V _i . d^ 
tan € "" d^ ' 

where 17 is the inclination of the image to the vertical, and ^ is the 
angle of incidence of the axial ray on the first face. 



(3) On some tlieorems connected with Bicircular Quartics, 
By R. Lachlan, M.A,, Trinity College. 

The object of this paper is to extend to Bicircular Quartics, 
and twisted quartics, Sylvester s theory of residuation in connection 
with the plane cubic. 

1. A curve of the 2nth order, having multiple points of the 
nth order at each of the circular points, may be called a circular 
curve of the 2nth order. Such a curve is determined by n (n + 2) 
points, as is seen at once by writing down its equation ; and two 
drcular curves of the 2nth and 2mth orders intersect in 2mn points, 
other than the circular point& 

Let J7, F be any two circular curves of the 2nth order passing 
through n(n + 2) — 1 given points, then U-\-kV will represent 
any circular curve of the 2nth order passing through these points, 
but such a curve must obviously pass through all the points in 
which U and V intersect. Hence it follows that any circular 
curve of the 2wth order which passes through n (n + 2) — 1 fixed 
points must pass through (n — 1) other fixed points. 

2. Further we may show that every circular curve of the 27ith 
order which passes through 2np — (p — 1)' points on a circular 
curve of the 2pth order (p being < n) meets this curve in (p — 1)^ 
other fixed points. For if we draw any circular curve of the 
2(n— jj)th order through (w— p) (n— p + 2) assumed points, then 
since 

2np -(p - ly + in -p) (n -p + 2) =n (n + 2) - 1, 

any circular curve of the 2nth order which passes through the 
given 2np — (p — 1)' points on the curve of the 2pth order and 
also through the assumed points on curve of the 2 (n — p)th order, 
must pass through (n — 1)' other fixed point. But the given curve 
of the 2pth order and the curve of the 2 (n— p)th order make up 
one such circular system ; hence these (71 — 1)' points must lie on 
one or other of these curves of lower order. The most that can 
lie on the curve of the 2 (n — p)th order is 

2n(n-p)-(w-p)(w-p + 2), i.e. (/i-l)"- (p- 1)"; 
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hence the remaiDiDg (p — 1)' points must lie on the curve of the 
2pth. order. Hence the truth of the theorem enunciated is 
manifest 

3. An important particular case may be thus stated : Every 
circular curve of the 2nth order which passes through 4n — 1 fixed 
points on a bicircular quartic must pass through one other fixed 
point*. 

4. From this theorem we may deduce the following: If of 
the 4 (m + w) intersections of a circular curve of the 2 (m + ii)th 
order with a bicircular quartic, 4m lie on a circular curve of the 
2mth order, the remaining 4m lie on a curve of the 2nth order. 

For let U^ denote the curve of the 2mth order, and let a curve 
U^ of the 2nth order be described passing through 4n — 1 of 
the remaining 4n points ; then these curves U^, U^ together make 
up a circular system of the 2(m + n)th order passing through 
4 (m + n) — 1 points on a bicircular qusurtic, this curve must there- 
fore pass through one other fixed point, which must clearly lie on 
U^ ; also this point must be a point in which the given curve of 
the 2 (m + n)th order meets the bicircular quartic ; hence we see 
that the theorem stated above must be true. 

5. If now we have two systems of points a, fi, which together 
make up the complete intersection of a bicircular quartic with 
a circular curve of any degree, i.e. if a + ^ is a multiple of 4, one 
of these systems may be called the residual of the other. Since 
through a given system of points, any number of curves of different 
orders may be described, it is evident that a given system of points 
a has an infinite number of residual systems fi, P\ &c. Two 
systems of points fi^ I3\ may be called coresiducU systems if both 
are residuals of the same system a. 

6. We have at once the following theorems : 

i. Two points which are coresidual must coincide. This is 
merely a restatement of the theorem in § 3 ; for if through 4n - 1 
points a on a bicircular quartic we describe two circular curves 
of the 2nth order, meeting the quartic again in the points /8, P\ 
then fi and are one and the same point. 

ii. If two systems fi, ^ be coresidual, any system ti which 
is a residual of one will be a residual of the other. 

Suppose that through any system a, two curves JJ^ IT, are 
described meeting the quartic again in systems /S, /8', then by 
definition ^, ff are coresidual systems ; then if through ff a curve 

* Some interesting results connected with bicircular quartios, obtained faj 
doYelopinR this theorem, were given in a paper oommmiicated to the Londcm 
Mathematical Society in May, 1890. 
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7, be drawn meeting the quariic again in the system of points a', 
hen the systems 13, (k will also be residual. For since the systems 
E, /3 make up the intersection of a curve U, with the quartic, and 
i, Pf make up its intersection with a curve 17^, the four systems 
iogether make up the intersection with the quartic of a curve 
vhoee order is 2 (p + r) ; but the systems a, ff together make up 
ihe intersection of the quartic with the curve 17^ of order 2<jr, and 
therefore by § 4, the systems a\ /8 together make up the complete 
ntersection of the quartic with a curve whose order is 2 (p + r — g). 

iii. Two systems which are coresidual to the same are co- 
residual to each other. 

If j8 and ff are coresidual as having a common residual a, and 
if ff^ ^' have a common residual a' ; then by the last theorem a 
is also a residual of ff\ and a' a residual of P ; that is, if iS, ff' are 
each of them coresidual with ^, then /3, ff' are coresidual with 
each other, for a, ot' are each of them a residual of /3, ff'. 

7. Suppose now that we have given a system of 4p + 1 points 
on a bicircular quartic, through them we may draw a circular 
curve of order 2 (p + r) and we obtain a residual system of 4r — 1 
points; through these we may draw a circular curve of order 
2(r-f«) and the residual system will consist of 49 + 1 points; 
through these we may draw a circular curve of order 2 (« + Q and 
we obtain a residual consisting of 4^ — 1 points. If at any stage 
where we have a residual of 4n — 1 points we draw a circular curve 
through them of order 27i we obtain a residual of a single point, 
and it follows from the theorems stated in §6 that this point 
must be the same whatever be the process of residuation. More- 
over whatever system of points we start with, either a system of 
4p + 1 points or a system of 4^ — 1 points, we can always by an 
even or odd number of stages, obtain a single point which will be 
a coresidual or a residual of the given system, according as the 
number of points in the given system is 4p + 1 or 4p — 1. 

The pnnciples just established enable us to find, by means of 
circular constructions, the point residual or coresidual to any given 
system of points, the number of which is 4p ± 1. 

8. To find the coresidual point of a system of five given points. 

Let Pp Pj, P,, P^, Pg be tne points, through any three of these 
P,, P„ P, say, draw a circle cutting the quartic in Q,, and through 
the other two P., P draw a circle cutting the quartic in Q,, Q^, 
then the circle ViQiQs "^^ cut the quartic in the point R whicn 
will be the coresidual of the given system. 

Let the points Pi, P., P,, P^, P, coincide, then we see that to 
obtain the coresidual of five consecutive points P, we have to 
draw the circle of curvature at P meeting the quartic in Q, and 
one of the bitangent circles at P touching the quartic again at Q,, 
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then the circle which touches the quartic at Qi and passes throogii 
Q will cut the curve again in R the coresidual of five consecutiTe 
points at P. Hence we have the theorem that if the bitangoit 
circles at P touch the bicircular quartic again at the pomts 
Qit Qi* Qs* Q4 ^°^ ^^^ osculating circle at P cut the curve again 
in the point Q, then the four circles which can be drawn passing 
through Q and touching the quartic at Q^, Q,, Q,, Q^ cut the 
quartic again in the same point 12. 

Again if we draw a bicircular quartic passing through the five 
points Pj, Pj, P„ P^, P^ it must cut the given quartic in three 
points p^, ;>,, p^, the circle through which must pass through R 
the coresidual of the five given points ; hence if we wish to draw 
a bicircular quartic passing through five given points on a given 
bicircular quartic and osculating the latter elsewhere, we have 
merely to draw a circle osculating the given curve and pasong 
through R the coresidual of the five given points ; but nine su<m 
circles can be drawn ; hence nine systems of bicircular quardcs 
can be drawn passing through five given points on a given 
bicircular quartic, which have three-point contact with it elsewhere. 

9. To find the residual point of a system of seven given points. 
Let the points be P,, P,,...P/, through any three of them such 

as Pp Pj, P draw a circle cutting the ouartic in Qj, through P^, P^ 
draw a circle cutting the quartic in Q,, Q,, and through P,, P. 
a circle cutting the quartic in Q^, Q^. Ana then we may find A 
the coresidual of the system Qj, Q,, Q,, Q^, Q^ as in § 8, i2 will be 
the residual of the given system of seven points. 

Or we might replace any six of the points by their coresidual 
points; thus let the circle P,P^8 cut the quartic in Q^, and the 
circle PJ^^P^ cut the quartic in Q,; and then let any circle be 
drawn through Q,, 0, to cut the quartic in P^\P^'; which two 
points constitute a coresidual sjrstem of the system P^, P^...P^, 
Then if the circle P/, P/, P, cut the quartic in R, R will be the 
residual of the given system. 

By this method we are enabled to find the eighth point in 
which any bicircular quartic which passes through the seven given 
points cuts the given quartic, for every bicircular quartic through 
the seven given points must pass through 12. This method 
assumes that one quartic through the seven points is given ; and 
thus the problem is not the same as finding the eighth point when 
only seven points are given. 

10. To find the residual point of seven consecutive points 
Let the points P^,..P^ in §9 coincide with the point P, let the 

circle of curvature at P meet the curve in Q, also let Q^, Q,, Q,, Q^ 
be the points of contact of the bitangent circles at Q ; then two 
consecutive points at Q^ may be considered as a coresidual system 



kS90.] connected with Bicircular Qiuirtice. 91 

;»C the six points P,, P,,...P,; and then the circle touching the 
3Ujrve at Q, and passing through F^, Le. P, must meet the curve 
ftgain in R the residual point of the seven consecutive points P. 

Otherwise, we may obtain It^ the coresidual point of five 
consecutive points P as in § 8, and then the circle which touches the 
curve at P and passes through Bf must meet the curve again in i2. 

Incidentally we may notice that we have the theorem : if the 
circle of curvature at any point P of a bicircular quartic meet the 
curve again in Q, and if Q^, Q,, Q,, Q^ be the four points of contact 
of the bitangent circles at Q, then the four circles which can be 
drawn touching the curve at these points respectively and passing 
through P, cut the curve again in the same point i2. 

Hence we see that R can only coincide with P, when Q^, Q,, Q,, Q^ 
are the points of contact of the bitangent circles at P, in which 
case Q must coincide with P, Le. P must be a cyclic point. 

Thus at any point P on a bicircular quartic we can in general 
draw other bicircular quartics having seven point contact at P, 
and they will all cut the curve again in the point R. If however 
P be a cyclic point these bicircular quartics will have eight-point 
contact with the given quartic at P. 

11. All these theorems admit of translation so as to apply to 
twisted quartics, we have merely to substitute in the enunciation 
of any theorem the word plane for circle. In fact we have only 
to prove that if any surface of the nth order passes through 4/1 — 1 
fixed points on the curve of intersection of two quadrics, it must 
also pass through one other fixed point. 

Let tTg, F, denote the two given quadrics, and U^ any surface 
of the nth degree passing through 4n — 1 fixed points on the curve 
of intersection of t/,, K,; then we have to show that any other 
surface of the nth degree passing through these fixed points will cut 
the curve of intersection of f/,, F, in the same point as U^, Let 
a surfieice U,^ of the (» — 2)th oixler be drawn passing through 
»(ii — 2) arbitrary points on the curve of intersection of F, with 
(/,, and also through J(n — l)(n — 2)(n — 3) arbitrary points on 
the surface J7,; also let a surface F^_, of the (n — 2)th order be 
drawn passing through n (71 — 2) arbitrary points on the curve of 
intersection of t/, with I/,, and also througn the same points on 
^. as f^n-t- Then we have three surfaces C/^, t/^_,. U^, F„_, . V^ 
each of the nth order and each passing through the same points, 
whose number is 
4»-l + 2n(n-2) + K'^-l)(n-2)(n-3) = in(n'+6Ai + ll)-2, 

which is two less than the number necessary to determine a surface 
of the 7ith degree, any surface of the nth degree therefore which 
passes through these points must be of the form 
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aad consequently must pass through all the points in which the 
three sur&oes u,, U^^tf^^ ^w%^% intersect. Hence any surboe 
of the nth degree which passes through the 4n — 1 points of 
intersection of the surfaces U^, V^, U^ must pass through the 
remaining point of intersection. 

12. Exactly as in § 4 we may deduce the theorem : if of the 
4 (m + n) intersections of a surface of the (m + n)th order with the 
curve of intersection of two quadrics, 4m lie on a surface of the 
mth degree, then the remaining 4n must lie on a surfsEu^e of the 
nth degrea 

Also the definitions of residual and coresidual systems of points 
require such slight modification that it is needless to recite them. 
And in applying the principles of residuation we see that we have 
merely to substitute planes for circles, and thus we obtain what 
might be called ' planar ' constructions for finding the residual or 
coresidual point of any system of points on a twisted quartia 

June 2, 1890. 

At a meeting of the Council of the Society, it was decided, in 
accordance with the Reports of the adjudicators, Sir W. Thomson, 
Lord Rayleigh, and Prof. G. H. Darwin, to award the Hopkins 
Prize for the period 1883—5 to W. M. Hicks, MJL, RRS., for 
his memoir upon the Theory of Vortex Rings (PbiL Trans. 1885) 
and for his earlier memoirs upon related subjects — ^also to award 
the Hopkins Prize for the period 1886 — 8 to Horace Lamb, 
M.A., F.RS., for his paper on Ellipsoidal Gurrent-Sheets (PhiL 
Trans. 1887) and for his numerous other papers on Mathematical 
Physics. 
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NOTICES. 

1. A limited number of complete sets of the first Ten 
Yohimes (thirty parts and index) of the Transactions may be 
obtsdned on application to the Secretary of the Society, New 
liuseumfi, Cambridge. The price is £20 a set. 

2. Vol. XV. Pt. I. of the Transactions will shortly be published. 
It will oontain the following memoirs : 

I. Mr C. Chbee, On a solution of the equations for the equi- 
librium of elastic solids having an axis of material 
symmetry, and its application to rotating spheroids. 

U. Professor Caxusy, On Non-Eiiclidian Geometry , 

IJJL. Mr H. F. Bakeb, On the fuU system of concomitants of three 
. ternary quadrics. 

IV. Mr A. E. H. Love, On Sir William Thomson's estimate of 

tiie Rigidity of the Earth, 

V. Professor Liveing, On Solution and Crystallization. No, II L 

Fellows will obtain their copies on application to 
The University Press, Cambridge. 

3. Vol. xiil. Pt. IV., containing Dr Glaisher's Tables, with 
tlie Index and Table of Contents to Vol. xiii., is in the Press. 

4. Some copies of Vol. vi. Pt. iii. were issued without the 
Plate containing Figs. xir. — xix. of Professor Moseley's paper on 
"The Theory of the Equilibrium of Bodies in Contact.'* This 
Plate will be supplied on application to the Secretaries. 
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October 27, 1890. 

ANNUAL GENERAL MEETING. 
Mr J. W. Clabk, President, in the Chair. 

The following Fellows were elected Officers and new Members 
i Ck>ancil for the ensuing year : 

President : 
Prof. G. H. Darwin. 

Vice-Preaidents : 
Mr J. W. Clark, Prof. Babington, Prof. Liveing. 

Treasurer : 
Mr R. T. Glazebrook. 

Secretaries : 
Mr J. Larmor, Mr S. F. Harmer^ Mr E. W. Hobson. 

New Members of Council: 
Dr A. HUI, Dr A S. Lea, Mr A Barker, Mr L. R WUberforce. 

The names of the Benefactors of the Society were recited by 
Bie Secretary. 

Fourteen names were proposed, with the approval of the 
tSooncil, for election as Honorary Members of the Society. 

The retiring President, Mr J. W. Clark, before vacating the 
idudry gave a short sketch of the origin and early years of the 

VOL. VIL PT. III. 9 
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Society, which will be published as a separate part of the 
Proceedings. 

The President elect, Prof. G. H. Dabwin, then took the Chair, 
and the following Communication Was made to the Society : 

(1) On some Com^pound Vibrating Systems, By C. Chbee, iLA., 
King's College. 

(Abstra^yt,) 

The vibrating systems treated in this memoir are bounded 
either by concentric spherical or by coaxial cylindrical surfaces, 
and the vibrations are of those types in which the displacements 
are either wholly radial or wholly transverse. 

By a simple system is meant a spherical or a cylindrical shell 
of a single isotropic medium; by a compound system is meant 
a stratified medium in which the surfaces separating adjacent 
media, or layers, are spherical or cylindrical according as the 
outer surfaces are spherical or cylindrical. 

Those functions which when equated to zero constitute the 
frequency equations for a simple system are termed frequency 
functions. A method is developed whereby the frequency equation 
for a compound system of any number of layers, composed of 
different isotropic media, can be at once written down in a form 
which involves the frequency functions of the several layers. 

The general result so obtiiined is employed in determining the 
change in the pitch of the several notes in an otherwise isotropic 
simple shell owing to the existence of a thin intercalated layer 
of a different isotropic medium. The dependence of the magnitude 
of the change of pitch on the nature of the difference between 
this altered layer and the remainder of the shell, on the position 
of the altered layer, and on the value of Poisson's ratio for the 
unaltered medium is considered for the system of notes which 
the vibrating system in question is capable of producing. 

The law of variation of the magnitude of the change of pitch 
in solid spheres or cylinders with the position of an altered layer, 
which differs from the remainder of the system in a given assigned 
way, is represented by a curve or cui-ves. Every such curve shows 
in a veiy simple manner the comparative magnitude of the largest 
possible changes of pitch, for all possible notes of the system, which 
can arise from a given alteration of material, throughout a layer of 
given volume or of given thickness as the case may be. The cor- 
responding positions of the layer may also be immediately derived 
from the curves for all those notes of the system whose frequencies 
are recorded. 

Tables are constructed showing the positions where a thin lajer 
differing in an assigned way from the remainder is most effective 
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in alteriog the pitch of several of the notes of lowest pitch, and 
other tables show the numerical magnitude of the corresponding 
maximum changes of pitch. 

The changes in the types of vibration in solid spheres or 
cylinders due to the existence of thin intercalated layers of other 
media are determined by a different method. This method also 
leads to expressions for the changes of frequency in these systems 
which are identical with those obtained by the first method. 

The results obtained in the memoir are very numerous, and 
many of them seem of interest from a physical point of view. 
They show that general laws as to the effects of altering the 
9tiffne88 or elasticity of vibrating systems unless carefully restricted 
may lead to very erroneous conclusions. 



November 10, 1890. 

Professor G. H. Darwin, President, in the chair. 
The following Communications were made to the Society : 

(1) Note on the principle upon which Fahrenheit constructed 
his Thermonietrical Scale. By Arthur Gamgee, M.D., F.R.S., 
Emeritus Professor of Physiology in the Owens College (Victoria 
University). 

[Abstract; reprinted from the Cambridge University/ Reporter, Nov. 18, 1890.] 

The author commenced by drawing attention to the fact that, 
although the Fahrenheit thermometer has been so generally used 
in England, no accurate information was to be found in our text- 
books concerning the principles upon which its scale had originally 
been constructed. He referred, however, to a view advanced by 
Professor P. G. Tait in his elementary treatise on 'Heat,' and 
which had been accepted by many teachers, according to which 
Fahrenheit divided his scale between 32'" and 212'' into 180 de- 
grees, in imitation of the division of a semi-circle into 180 degrees 
of arc. This theory rested on the incorrect supposition that, before 
Fahrenheit's time, Newton had suggested, as a basis for a thermo- 
metric scale, the fixing of the freezing and boiling points of water, 
the space between these being divided into a number of equal 
d^;rees. The author pointed out that in his ''Scala graduum 
caloris," Newton made no such suggestion as that attributed to him 
by Professor Tait, and prior to him by Professor Clerk Maxwell ; and, 
indeed, that Fahrenheit had settled the basis of his scale and had 
constructed a large number of thermometers which were used by 
scientific men throughout Europe, many years before the discovery 
by Amanton (which Fahrenheit confirmed and gave precision to) 

9—2 
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of the fact that under a constant pressure the boiling point of 
water is constant. 

The author stated that the thermometers which were first 
constructed by Fahrenheit were sealed alcoholic thermometeia; 
provided with a scale in which two points had been fixed. The 
zero of the scale, representing the lowest attainable temperataie, 
was found by plunging the bulb of the thermometer in a mixture 
of ice and salt, whilst the higher of the two points was fixed by 
placing the thermometers under the arm-pit or inside the mouth 
of a healthy man. The interval between these two points was, in 
the first instance, divided into 24 divisions, each of which corre- 
sponded to supposed well characterized differences in temperature, 
and each being subdivided into four. In his later alcoholic and 
mercurial thermometers, the 24 principal divisions were suppressed 
in favour of a scale in which 96 degrees intervened between zero 
and the temperature of man ; in these later thermometers the 
32nd degree was fixed by plunging the bulb of the thermometer 
in melting ice. 

The author then pointed out that Fahrenheit was led to con- 
struct mercurial thermometers in order to be able to ascertain the 
boiling point of water ; with this object the scale constructed, as 
has been stated, was continued upwards, in some cases so as to 
include 600 degrees. 

It was as iJie result hy experiment alone, that the number 212 
was obtained as the temperature at which water boils, at the mean 
atmospheric pressure. 

The author in conclusion argued that Fahrenheit took as the 
basis of his thermometric scale the duodecimal scale which he was 
constantly in the habit of employing. 

(2) On Variations in the Floral Symmetry of certain Flowen 
having Irregular CoroUas. By William Bateson, M.A., Fellow 
of St John's College, and Anna Bateson. 

(3) On the nature of the relation between the size of certam 
animals and the size and number of their sense-organs. By H. E 
Brindlet, B.A., St John's College. 

[Abstract; received I^ovember 29, 1890.] 

In speculation as to the evolution of various forms it is gene- 
rally held as a principle, that the conditions of the struggle for 
existence are such that variations in the direction of atrophy or 
diminution in bulk of a useless organ must necessarily be bene- 
ficial by reason of the saving of tissue and effort which is efiected 
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by this reduction. It has been assumed by many that this benefit 
must be so marked as to lead to the Natural Selection of the 
individuals thus varying. This principle has been invoked especi- 
ally in the case of sense-organs, and, for example, it has been 
suggested that the blindness of cave-fauna may have come about 
by its operation. 

With the object of testing the truth of this assumption, it 
seemed desirable to obtain a knowledge of the normal variations 
in size and number of sense-organs occurring within the limits of 
a single species. The cases chosen were (1) The olfactory organ 
of Fishes (Eel, Loach, Pleuronectidce, &c.), and (2) The eyes of 
Pecten opercularis. In the first case tables were given shewing 
that large individual fluctuations occur, but that on the whole the 
number of olfactory plates increases with the size of the body. 
It was pointed out that the size of the eye in Fishes also increases 
with the size of the body. 

In the case of Pecten, however, though the size of the eyes 
increases with the diameter of the animal, yet in specimens having 
a diameter of 3 cm. — 6 cm. the mmtber of the eyes is not thus 
related (cp. Fatten), but varies in a most surprising and, as it 
were, uncontrolled manner. 

Statistics were given shewing that in individuals of the same 
size, the number of eyes may vary between 70 and 100, and that 
no uniformity is to be found. It was pointed out that these eyes 
are large and complicated orc;ans, having lens, retina, tapetum, 
&C., involving great cost in their production. These facts suggest 
that the "economy of growth" cannot be a principle of such 
precise and rigid character as to warrant its employment as a basis 
for speculation as to the mode of evolution of a species. The 
diverse results in the case of the two sets of organs examined 
further indicate that the problem is one of far greater complexity 
and shews clearly that argument from analogy is inadmissible in 
these cases. 

(4) On the Oviposition ofAgelena, labyrinthica. By 0. Wab- 
BURTON, B.A., Christ's College. 

[Absirctct; reprinted from the Cambridge Univerdty Reporter^ Nov. 18, 1890.] 

The OTiposition and cocooning of Agelena labyrinthica is a 
striking case of the performance of a series of complicated opera- 
tions in obedience to a blind instinct. 

The eggs are always laid at night, but the presence of artificial 
light is quite disregarded by the animal. 

For about 24 hours before laying, the spider is engaged in 
preparing a chamber for the purpose. 
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Near its roof a small sheet is then formed, and the eggs are 
laid upwai'ds against it and are covered with silk. A box is then 
constructed with this sheet as its roof, and is firmly attached by 
its angles to the roof and floor of the chamber. This box is con- 
structed and jealously guarded even if the eggs are removed imme- 
diately on oviposition. 

The whole operation involves about thirty-six hours of ahnost 
incessant industry. 

(5) Supplementary list of spiders taken in the neighbourhood 
of Cambridge. By C. Wabburton, B.A., Christ's College. 

{^Received November 14, 1890.] 

In Vol. VI. of these Proceedings a list was given of some hun- 
dred species of local Araneae. To these must now be added the 
following, some of which have been taken since the former publi- 
cation, while others are inserted on the authority of the Bev. 
O. Pickard-Cambridge, who has kindly furnished a list of Spiders 
sent to him some years ago by the late Mr Farren. 

Unfortunately Mr Farren did not record the exact locality nor 
the frequency of his captures, but he is known to have carefully 
searched Wicken Fen, which is probably the habitat of most of his 
species. 

DYSDERIDAE. 

Dybdeba 

orocota, G. L. Koch, rare, Castle Hill. 

Seoestbia 

senoonlata, Liim. 

DBASSIDAE. 

Dbasbus 

troglodytes, G. L. Eooh, rare, Wicken Fen. 
blackwallii, Thor. 

GliUBIONA 

oortioalis, Walck., rare, University bathing enclosare. 
reclusa, Cambr. 

Amyphaema 

acoentnata, Walok. 

Pbbubolithus 

festivuB, C. L. Koch, Fleam Dyke. 

mCTYKIDAB. 

DiCTYNA 

latens, Fabr. 

AGELENIDAE. 

Hahnu 

nava, Bl., rare, Wicken Fen. 

Lbthia 

humilis, Bl. 
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THEBTBTTDAE. 

Thkbidiom 

simile, G. L. Eoch. 

tiuctmn, Walck., common, on shrubs and bashes. 

rofolineatum, Lac. 

Nkbiens 

oomata, Bl., rare, in the ** Backs." 

nigra, BL, rare, Torf Fen, Chatteris. 

foscipalpis, G. L. Koch. In the bathing enclosure. 

apieata, BL 

bicolor, Bl. Castle Hill. 

bitubercolata, Wid. 

Walckenakra 
bifrons, BL 
unicornis, Bl. 
cristata, BL, rare, Christ's Coll. Garden. 

Pachtgnatha 
listeri. Sand. 

EUBTOPIS 

blackwallii, Cambr. 

LiNTPHIA 

nigrina, Westr. 
setosa, Cambr., Wioken Fen. 
clathrata, Sand., Wicken Fen. 
oircumspecta, BL, rare. 

EPEIBIDAE. 

Epbiba 

aoalypha, Walok. 

solers, Walck. 

quadrata, Glrk., occasional, Fens. 

Ebbata, 

In the previous list, Amaurohitu fenestrdLU should have been recorded 
as rare instead of common^ and the habitat of Theridion variaru as 
being "boathouses and out-buildings" rather than ** bushes". 

November 24, 1890. 

Prof. G. H. Darwin, President, in the Chair. 

The following gentlemen, duly nominated by the Council, were 
elected Honorary Members of the Society : 

Francesco Brioschi; on the ground of his contributions to 
mathematical science by his investigations in the theory of forms, 
the theory of equations, and in elliptic and hyperelliptic functions. 

Leopold Kronecker ; on the ground of his contributions to 
mathematical science by his investigations in the theory of 
numbers and elliptic functions. 

SoPHUS Lie; on the ground of his contributions to mathe- 
matical science by his investigations in geometry, in the theory of 
differential equations, and in the theory of groups. 

Henri Poincare ; on the ground of his contributions to mathe- 
matical science by his investigations in the theory of functions 
and in mathematical physics. 
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Oeorqe Wiluam Hill ; on the ground of his contributions to 
astronomical science by his investigations on the secular motion of 
the Moon's perigee and other researches in the lunar theory. 

J. WiLLABD GiBBS; on the ground of his contributions to 
physical science and specially to the sciences of thermodynamics 
and electromagnetism. 

Heinrich Hertz; on the ground of his contributions to 
the science of electromagnetism and specially for his brilliant 
experimental verification of Maxwell's theory. 

Arthur Schuster; on the ground of his contributions to 
physical science and specially for his researches on spectnim 
analysis and on the passage of the electric spark through high 
vacua. 

Victor Meter ; on the ground of his contributions to chemical 
science, namely his researches on the nitro compounds of the £ftttf 
series, on the thiophenes, on pyro-chemistry, his development of 
Raoult's researches, and many other investigations. 

James Dwiqht Dana ; on the ground of his contributions to 
mineralogical and geological science, namely his researches on 
coral islands, his great work A System of Mineralogy, and numerous 
other papers. 

Henry Bowman Brabt ; on the ground of his zoological re- 
searches and in recognition of his generosity in presenting to the 
University a valuable collection of Foraminifera. 

Rudolf Heidenhain ; on the ground of his contributions to 
physiology, dealing with the physiology of secretion and absorption, 
and the physiology of muscles. 

Elias Metschnieoff ; on the ground of his researches in 
many fields of biological science, and especially in the study of 
embryology. 

Melchior Treub, Director of the Botanical Gardens, Java; 
on the ground of his general researches in botany. 

The following were elected Fellows of the Society : 

S. Ruhemann, M.A., Gonville and Caius College. 
A W. Flux, B.A., Fellow of St John's College. 
H. H. Brindley, B.A., St John's College. 

The following were elected Associates : 

David Sharp, M.B. (Edin,), F.R.S., Curator in Zoology. 
H. Gtotobed. 

The following Associates were re-elected for a further period of 
three years : 

R. Bowes, R. I. Lynch, 

J. Carter, W. E. Pain, 

A Deck, W. W. Smith. 
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The following Communications were made to the Society : 

(1) On the beats in the vibrations of a revolving cylinder or bell. 
By G. H. Bbyan, M.A., St Peter's College. 

In this paper I propose to investigate the nature of the beats 
which may be heara when a vibraung shell in the form of a 
cylinder or other sur£Etce of revolution has imparted to it a rotatory 
motion about its axis of figure. 

It might at first appear that, unless such a body were revolving 
with angular velocity comparable with the frequencies of the 
vibrations, the latter would not be affected in any sensible manner, 
and that the only important effect of rotation would be in per- 
manently straining the body, owing to centrifugal force. This is, 
for example, the point of view taken by Mr Love in his paper on 
" The free and forced vibrations of an elastic spherical shell con- 
taining a given mass of liquid,"* in which the author uses the 
expressions for the accelerations referred to moving axes when 
dealing with the oscillations of the liquid, but not when dealing 
with those of the elastic envelope, although both are supposed to 
rotate together. But, while we may be justified in neglecting the 
effect on any single period of such small changes in the system as 
those due to rotation, yet the slight opposed changes produced in 
the periods of two similar vibration forms which travel in different 
directions round the shell may produce phenomena of beats, which 
in the case of very rapid vibrations like those of sound, are among 
the most noticeable effects of the rotation. 

If a straight wire of circular section, clamped symmetrically at 
one end, be made to rotate slowly about its axis while executing 
transverse vibrations, it is well known that the plane of vibration 
will remain fixed in space instead of turning with the wire. If the 
vibrations are audible we shall, therefore, hear a continuous sound. 
In the case of a tuning-fork the plane of vibration must necessarily 
turn with the fork, so that beats are heard if it be rotated. 

When however the vibrating body is such as a bell, rotation 
about its axis will produce an intermediate effect by causing the 
nodal meridians -f to revolve with angular velocity less than that of 
the body, and depending in each case on the mode of vibration 
considered. This phenomenon, which forms the subject of the 
present paper, appears to be new, yet nothing is easier than to 
verify it experimentally. If we select a wine-glass which when 
struck gives, under ordinary circumstances, a pure and continuous 
tone, we shall on twisting it round hear beats, thus showing that 
the nodal meridians do not remain fixed in space. And if the 
observer will turn himself rapidly round, holding the vibrating 

* Proe. Lond, Math. 8oc, xiz. 

t That is meridians along which the vibration has no radial component. 
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glass all the time, beats will again be heard, showing that the 
nodal meridians do not rotate with the same angular velocity as the 
glass and observer. If the glass be attached to a revolving turn- 
table it is easy to count the number of beats during a certain 
number of revolutions of the table, and it will thus be found that 
the gravest tone gives about 2*4 beats per revolution. As this 
type 6f vibration has 4 nodes we should hear 4 beats per revolution 
if these nodes were to rotate with the glass, we conclude therefore 
that the nodal angular velocity is in this case about f of that of 
the body. 

It may not, perhaps, be out of. place to explain from first prin- 
ciples why the nodal meridians revolve less rapidly than the body. 
Take the case of a ring or cylinder revolving in the direction 
indicated by the arrows in figure 1, and consider the mode of 
vibration with four nodes, B, B, F, H. Suppose also that at the 
instant considered the ring is changing firom the elliptic to the 
circular form indicated in the figure. 

Owing to the rotatory motion, the points A, E where the ring 
is initially most bent will be carried forward and parts initially 
less bent will be brought to A and E. Similar remarks apply to 
the points C, (?, where the ring is initially least bent. Hence the 
points of maximum and minimum curvature, and therefore, also, 
the nodes must be carried round in the same direction as the ring, 
and cannot remain fixed in space. 





t 



Fig.l. 



Fig. 2. 



To show that the nodes do not rotate as if fixed in the ring, lei 
the small arrows in Fig. 1 represent the directions of reW*w 
motion of the particles exclusive of the components due to rotatioa 
At Ay Ey the particles are moving towards the centre 0. This will 
of course increase their actual angular velocity and will give tbem 
a relative angular acceleration in the direction of rotation, as 
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represented by the arrows 9X AyE in Fig. 2. At C, G tlie particles 
are moving outwards, and this will retard their angular velocity. 
The particles at B, F are moving with greater total angular 
velocity than the rest; this will increase their "centrifugal force'' 
and give them a relative acceleration outwards. Those at D, H 
are moving with the least total angular velocity, and the diminution 
in centrifugal force will ^ve them a relative acceleration inwards. 
Hence the rotatory motion of the mass will give rise to relative 
accelerations of the particles in directions represented by the 
arrows in Fig. 2. If we compare the arrows in Fig. 1 and Fig. 2 
we see at once that the effect of these relative accelerations 
is to cause retrograde motion of the nodes relative to the mass, 
that is, the nodes will rotate less rapidly than the ring. This 
explanation is obviously applicable to sdl the modes of vibration. 

We will now determine the frequency-equations for the two- 
dimensional vibrations of a thin cylindrical shell or ring of radius 
a which is rotating about its axis with angular velocity a>*. We 
shall suppose that the cylinder is also acted on by an attractive 
force fM, times the distance, directed towards the axis. The intro- 
duction of this attraction will enable us to separate the purely 
statical effects of centrifugal force, since by taking /a = eo' the latter 
effects will be counteracted. Unless this condition is satisfied, the 
circumference of the cylinder will be in a state of tension. Let 
this tension be T (per unit length of generator); and let <r be the 
surfece density of the cylindrical shell or the line density of the ring. 

When the cylinder is rotating steadily, the condition for relative 
equilibrium gives by resolving normally 

. T 

therefore T^aa^ca^- fi) (1). 

In order to define the position of any point on the cylinder at 
any time t, it will be convenient to employ two systems of polar 
co-ordinates having the centre as pole, in one of which the initial 
line is fixed while in the other it revolves with angular velocity a>. 
If, in the undisturbed state the polar co-ordinates in the two 
systems are (a, ^) and (a, 0\ we shall have 

and will be constant for any particle of the ring. 

In the small oscillations, let the small relative tangential and 
radial displacements of the particle be v and w so that its new polar 
co-ordinates are (a-Hw, i^ + v/a) or (a + w, + v/a) in the two 
systems respectively. 

* Compare Lord Bayleigh, Theory of Sound, i. p. 822. 
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As we shall require to apply the variational equation of energy, 
we must calculate S^ the virtual work of the effective forces of 
the system. Now if ^p f^ denote the transversal and radial 
accelerations of any point, the well-known formulae applicable to 
polar co-ordinates give 

/, = w — (a + w) (a> + v/df 

= — (U»* + tit) — 2{DV — WO)* 

(neglecting squares and products of the small displacements v, ter). 
Hence 

S® =j(/fiv +/,M <rad0 

= a-a \ {— aal^Stv + (v + 2»«;) St; 
Jo 

+ (w-'2faV''W<D*)8w}S0 (2). 

The variation of potential energy will consist of three terms 
representing respectively the work done against the tension T in 
stretching the circumference, the work done a^nst the attracting 
force, and that of bending the cylinder. We shall denote the 
potential energies due to these three causes by W^, IT. and V 
respectively, and their variations will he SW., S IF, and Sk. 

To find SW^, let e be the extension produced oy the displace- 
ments (t;, w) in the arc add. By writing down the stretched length 
of the arc we have 

(1 + ey (adey = dw* + {a + wf {d0 + dvja^ ; 

o . ji 2/ . dvN 1 / . dv^ . 1 {(dw\^ ^ dv\ 

and therefore, to the second order 



e 
Hence 



1/ . dv\ . 1 {[dw\* « dv\ .«. 



Jo 



by integrating by parts. 
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Also 

Tr,= r^fic {(a + w)"- a"} add 
Jo 

= 1 ^fKra{iaw + v^d0; 

fia'a*Swd0+ I fjurawSwdO (6). 

Finally for the energy of bending we have if A (1/iZ) is the 
change of curvature, 

where, for a cylindrical shell of thickness 2A 

and for a ring* fi = (E+T)L 

We readily find ^^= ^T (^+^)' ^^^^ (<^)- 

The variational equation of motion 

becomes, therefore, on slightly rearranging the terms, 
= j {<7a* (- ©" + /[*) + T] hwdO 

+ 1 ]<ra (t> + ifoib) Sv + aa(ib — 2a>v - <o*w) Bw 

For the undisturbed motion we have v = 0, w = Oy and the first 
line of the above expression gives 

r= <ra* («" - /i), 

as already found (1). 

For the oscillations, we must assume with Lord Bayleigh that 
the extension vanishes to the first order, so that 

dv \ 






.(7). 



d0 

* Bee Lord Bayleigh, Theory of Soimd, i. p. 343. Here E denotes Tonng's 
■Mdnlos and />' Poieson'g ratio. 
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Substituting these expressions for w, Sw and integrating by putB 
the terms containing dSv/dO, we find the equation of motion 

<Pv . dv , , vCPv 

T f„d^v d^v\ $ d^ f€P Y 

To find the frequencies, assume that 

v = Acos(80-hpt) (8). 

Then the last equation gives (substituting for T its value by (1]) 

therefore 

Let .; = ^. H- («. - ^) •• <^ + A ^'^...(lU 

• (s' +1) '^'^5^ + 1 ,<ra* rf* + 1 ^ 

then the two values of i? are p^, p,, where 

and the corresponding motions of the small corrugations rektivel; 
to the mass are determined by 

f ^ 28€0 ) 

v = A cos jgg-f « 1 t-^-vT^ty , 

and v=A oosjg^+ , ^ ^ — «r,^|- 

respectively, together with the relation w = — dv/dd. 

To find the actual motion in space, substitute ^ — oit for is 
the two last equations ; the positions of the corrugations will not 
be referred to the fixed initial line. We find for the two types of 
oscillation, respectively 

v = A cos \s<f> — 5,—^ eat + mjV , 

and v^A cos \8<f> — ^ — r stot — vr^t> . 

If the amplitude (A) is the same in both, we see, by addition, tW 
their resultant is given by 

V =: 2 A cos 'BT J cos 8 (if) i r fotj (1^) 
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This may be interpreted as representing oscillations of the ring or 
cylinder of period ^irfv^ having 2« nodes or nodal meridians (where 
dejd^ s= 0) which rotate about the axis with angular velocity 

?Ti"- 

The nodal angular velocity is thus in every case less than a>» but 
in the higher tones its difference from ct> becomes less and less. 

As the nodes are carried round in succession past the direction 
of the observer s ear, beats will be heard, and their number per 
revolution of the material will be 



^ 



«•-! 



The numerical values of these results are tabulated below for a 
few of the smaller values of 8 : 



t 


Number of Nodi». 

• • 


Nodal ang. vel. 
Ang. vel. of ring 


9 

Number of beats per 
revolation. 

^«a + l 


2 
3 
4 
5 
6 
7 


4 

6 

8 

10 

12 

14 


•6 

•8 

•882 

•923 

-946 

-96 


2-4 

4-8 

7005 

9-231 
11-351 
13-44 



The pitch of the intermittent sound is determined by «j^. Now 
when ci> = 0, fi = 0, we have 

._ /3 «*(«'- 1)' 

a' + l 






,(13), 



as found by Hoppe* and Lord Rayleigh-f. Denoting this value 
of BT^ by n,, equation (11) shows that if /ti = 6i)', so that the 
attraction counterbalances the purely statical effects of centrifugal 
force, we shall have cr/ > 11/, or the pitch will be somewhat raised 
by the rotation. 

If however /tt = 0, and the frequency of rotation is small com- 
pared with the frequency of the vibrations in a non-rotating 
cylinder, so that a> is a small quantity of the first order compared 
with n,, equation (11) shows that m^ differs from 11^ by small 

• Crelle, Bd. 63, 1871. t Theory of Sound, 
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quantities of the second order. This shows that in all cases of 
practical interest the pitch is not perceptibly raised by the rotatoiy 
motion, and the only noticeable effect is that of the beats already 
described. On the other hand, if the cylinder is revolving vety 
rapidly, so that ct> is comparable with 11^, the vibrations will no 
longer give the effect of bc^ts at all*. 

The results of the last paragraph are very important because 
they admit of extension to rotating shells in general, and afford us 
an easy way of determining the nodal angular velocity and con- 
sequent number of beats per revolution in other slowly-revolving 
systems where the vibrations are not two-dimensional. It will be 
seen that the nodal rotation depends exclusively on S^ the 
variation of the kinetic energy, ana that the square of to may be 
neglected throughout, since it only appears in the expression for 
the frequency, and does not affect the latter to any appreciable 
extent. All that is necessary, therefore, is to calculate SST. We 
proceed to apply this method to the vibrations which Lord Bayleigh 
has investigated for a perfectly inextensible cylindrical sheU of 
length I closed by an inextensible disk at one end+. 

Taking the axis of the cylinder as axis of z, and the closed end 
at ^ = 0, we have, if u denote the longitudinal displacement, 

S^=^[ dzf '{uSu + (v + 2€ow) Sv + iw- 2ot;) Sw] trade ...(14), 

omitting the terms — aoal'Bw — wm^Sw ; of which the first depends 
on the undisturbed motion, while the second involves small quan- 
tities of the second order. Neither of these omitted terms will 
in any case affect the nodal rotation as they do not contain 
differential coefficients with regard to the time. 
Lord Bayleigh's conditions of inextensibility are 

du ^ dv ^ du dv ^ ._ .,. 

_ = 0. «'+5g = 0, ag+a^^^O. (15). 

and we suppose Su, Svy &w to satisfy similar conditions. By means 
of the second of these conditions we eliminate w, Bfv and have, by 
integrating by parts, 

8® = / dzl ]i2Sw+ (v — -^— 4©TgjSt;|' <ra(i^ (16). 

From the first and third we see that t« is a function of and not of 
z, and therefore, that 

__ z du 

* By putting /3=0, ^=0 in (10) we may dednoe the solution to the poi^ 
kinetic problem of determining the oscillations of a rapidly revolving AexiUe 
endless cnain. 

t Proc, London Matkematieal Soc, zm., page 5. Proceedings Royal Society, 

Vol. XLV. 
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This enables us to eliminate v, Sv, and therefore by integrating by 
parts we find 

We have not yet assumed the density <r to be independent of z. 
Making this assumption and integrating with respect to z we have 

and this shows that the differential equation for u may be written 
in the form 

the right-hand side containing no differential coefficients with 
regard to the time. Taking u proportional to cos (8<f> + pt) we have 

This may be put in the form 

If — ^i""-' <i8>' 

•' + 1 + W/ 

where w^ is a function of s. Comparing this form with (10), the 
corresponding form for the two dimensional oscillations, it ib easy 
to see that, in the present case, the nodal rate of revolution will be 

and the number of beats per revolution will be 

But we may generalise still further. In any surface of revolu- 
tion, one of Lord Rayleigh's conditions of inextensibility is 

«'+|=o W 

If we form 5^, using this and the other two conditions, it is evident 
that we shall arrive at an equation for p of the form 

\p* + (1 + ff^p^ — 4a)flp = a function of « (20), 

VOL. VII. FT. III. 10 
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where the term \p* is derived from the terms uBu which represent 
the virtual work 'of the effective forces due to the longitudinal 
components (u) of the displacement, and it is important to notice 
that \ can never be negative. Although this last statement is not 
obvious from the variational equation required for the treatment 
of a revolving shell, it becomes evident from the consideration that 
in a non-revolving shell the variational equation leads to the same 
equation for p as the principle of conservation of energy, and that 
in the equation of energy the term containing X p' will ai-ise from 
the kinetic energy of the longitudinal motion (u). This kinetic 
energy is of course essentially positive ; or, in other words, the 
whole kinetic energy of the system is greater than it would be if 
the longitudinal motion were neglected. Hence X, is positive. 
The nodal angular velocity, 






a>. 



s -1- A., T A 

and the number of beats per revolution, 

are therefore both greater than they would be if there were no 
longitudinal motion. 

The limiting case is that of a plane circular plate revolvrng 
about an axis perpendicular to its plane. Here t;, w are both zero, 
and the nodal radii are fixed relatively to the revolving mass, the 
vibrations being unaffected by the rotation. The nodal angalar 
velocity is therefore a>, and the number of beats per revolution 
is 28. 

Now in a communication read before the British AssociatioD 
at Leeds, I announced that experiments with two different 
champagne glasses attached to a microscopist's turn-table gave 
about 2*6 and 2*2 beats per revolution respectively for the gravest 
tone. While there is nothing contradictory in the former result, 
the latter is too small to be compatible with our theoiy. As the 
numbers were found by counting the beats during about eight 
revolutions of the table and the mean of 26 observations was 
taken, it is impossible that the discrepancy can arise wholly from 
errors of observation. A further possible source of error was the 
want of uniformity in the angular velocity of the glass. As a 
matter of fact, however, the beats seemed, if anything, most rapid 
when the glass was first set in motion, and as it was not brought to 
rest again during the interval in which the beats were counted, I 
rather doubt this as the cause of the difference. On the whole I 
should be rather inclined to favour the idea that the discrepanc}' 
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18 due to Lord Rayleigh's conditions of ineztensibility not being 
strictly fulfilled in the neighbourhood of the free edge. 

The results of this paper may therefore be of interest in con- 
nection with the recent controversy on this subject by showing 
how far Lord Raleigh's theory of thin shells is capable of practical 
application. We see that, if his conditions of inextensibility hold 
good, the number of beats per revolution depends only on the 
shape of the surface and on the law of distribution of density, and 
is in no way dependent on the elasticity of the substance. It is 
therefore readily calculable for a given thin bell. Moreover, the 
number of beats per revolution when the bell is rotated uniformly, 
can easily be counted. If there should be any discrepancy between 
the observed and calculated results which is otherwise unaccounted 
for, this will give us a probable indication to what extent the 
deformation differs from one of pure bending in the bell which is 
the subject of our experiments. 

(2) On Liquid Jets (continued). By H. J. Shabpe, M.A., 
St John's College. 

1. In Vol. Yil. Ft 1. 1 gave an approximate solution of a case 
of liquid flowing from a vessel and becoming a jet, the ultimate 
breadth of the jet being half the diameter of the vessel. I now 
propose to give in detiul another case which may perhaps have 
more interest, since in the following the diameter of the orifice 
may be as small as we please compared with the diameter of the 
vefflel. In the former solution some ambiguity was attached to 
the position of the orifice. In the present solution there is none. 
Some further observations will be made after the solution has 
been obtained. 

2. We take a case where the outer stream-line (fig. 1) 
AFGBHC cuts the axis of y in a point B such that OB = Cx' the 
semi-breadth of the jet at infinity. 

Let ^ be the stream function on the leji of Oy. 
Let OE ^iTfOBs^ Goi = 7r/p, where p is supposed to be a large 
integer. 

On the left of Oy, let 

- --7^ = - tf = o,€* cos y + a.e"* cos 3y + a^e"* cos 6y "^ 

+ Sc^c"^ cos pny + il 

- ^ = t; = ttjc' sin y + a^e" sin 3y + a^e** sin 6y 

+ Sc^e*** sin pny 

10-^2 



y 



(1), 
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where a^, a,, a^, and c^ are arbitrary constants, and 2 means sum- 
mation with regard to n from 1 to oo . (See Art. 9.) 







I 


^ ^ 


• 


..£.. 


y 






oiS-^ 






i* 



V 

H 



Then the equation to BHC is 
a,€' sin y + Ja.c^ sin 3y + ia^c"* sin 6y + 2 ^ c'^ sinpiy + iy 

= aj8m- + Ja.sm — +ia.8m — + — ...(2) 
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(3). 



Since Gx' = ir/p we must have 

a, sin— + 4a, sin h^a. sin — = 

p p p 

It wiU be found convenient to replace a^, a,, a^ by other 
[uantities such that 

w- 



•• • • \^)' 



«i = «i + A' «s = as + -^s' «5 = a5+^6 
When a? = 0, we have along OB, on the Z^ of it, 

-tt = (cq 4- ^,) cos y 4- (a, 4- A^) cos 3y 4- (a, 4- -4J cos 5y ^ 

4-2c^co8pny4-il 
t; = (a, 4- -4,) sin y 4- (a, 4- ^J sin 3y 4- (a, 4- ^5) sin 5y 

4- 2c^ sin pny 

Let V be the stream function on the right of Oy, and on the 
right of Oy let 

- ^ = — tt = 6^6"* cos y 4- 6,6'*' cos 3y 4- b^e"'' cos 5y ^ 

4- Xcje"'" cosjpny 4- 5 



- -j^ = t> = — fejC"* sin y — ftjC"** sin 3y — b/T^ sin 6y 



(6). 



^Xcje^'^smpny 

It will be found convenient to put 

b, = a^^A^, 6, = a,-il„ b, = a^-A, (7). 

When a? = 0, we have along OB, on the right of it, 

-tt = (o,- ^j)cosy 4- (a, - A^) cos 3y + {(^-A;) cos 6y 

4-2c/cos^ny4-5 • /gx 

» = "(a, -ilj)siny- (a,-il^ sin 3y -(ai,-il^) sin 6y 

— 2c/ sinewy 

By Fourier's Theorem, suppose we have from y = to w/p 

iA^ cos y 4- 2-4.J cos 8y 4- 2-4^cos 5y = Q 4- Xq^ cos pny, . .(9), 

which will be true at both limits. 

Identifying the first of (5) and the first of (8) we have 

<^n-Cn+q.^O (10), 

A^B + Q^O (11). 

Again, suppose we have from y » to ir/p 

So, sin y 4- 2a, sin 3y 4- 2a, sin 5y = Sr» sin pny . . . (12), 
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which will be true at both limits if 

a, sm- + flLsin ha. sin — = {16), 

' p • p p 

Identifying the second of (5) and the second of (8) we have 

c.4-c.' + r^ = (14> 

From (6) the equation to A FOB is 

6€''Biny + j6,€'*'sin3y + ^"^8in5y 4-2 — €"^sinpny + -By 

pfv 

= 6- sin- +46, sin— +46. sin — H (lo). 

ip'ss p** p p 

Since -4d7 = tt, we must have 

• . TT , ,, . Stt , ,, . Stt (p— l)57r .,^v 

6i sm - + ^\ sm — + ^6, sin — = ^ ' ... (16). 

p**' p ** " p p 

It has already been shewn that there is a sharp turn at F, 
From (9) we have 

^ir p ow p oir p 



^ . p . IT cosnTr A A Sp . 8w cosni 
(7 = — 4-4, -^ sm — X -r-i — t - 4-A, -^ sm — x -r-r — 
^" * TT p pV — 1 ' 7r p p n' — 
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-4A'^xsin^x^^^ (18). 

" 7r p pn — zo 



From (12) we have 

. r? , IT ncosnw . p* . Sw 9i cosnTr 

^• = -H^8i°-><:;A;ji-^-*^^8in— x , , 



7r p p V — 1 ^ 7r p p V — 9 

. p* . 57r n cosnTr ,,ftx 

-4flL-C-sin — X , , Qg (19). 

^ 7r p pV— 26 

From (10) and (14) c^ = -^^-^J 

c;=-K+kJ ' 

When the above conditions are satisfied, the velocities on each side 
of OB will be continuous. 

3. Equations (3), (13) are the only equations connecting the 6 
quantities o^, ^1^, a,, -4,, Og, -4^, therefore so far 4 are independent 
Equations (11), (16), (17) serve to connect A with B and either 
with OL, -4,, &c. From (20) c , c„' are functions of n and \y K^ 
&c. Tte 6 quantities o^, -4^, &c. may any of them (consistently 
with the above relations) be as small as we like, but none of them 
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will be taken so large as to be comparable with p. We will sup- 
poee p so large that 

» . TT p . Sir p . Stt 
- sin - , ^ sm — , —- sin — 
IT p ^ir p bir p 

are very nearly unity. 

For some investigations connected with this subject it might 
be necessary to expand these expressions in powers of 1/p, but 
for our present purpose it will suffice if we suppose them actually 
unity. To this end we must suppose jp to be at least 22 (this 
number making the largest rejectee! term Ath of what is retained), 
but we may have to take p much larger than this. 

(3) and (13) then become 

a, + a,4-a8 = (21), 

aj4- 3a, + 50^ = (22). 

(16) and (17) become 

\ + K + K-^pB (23), 

Q = 2^, + 2il, + 2il. (24). 

From (11), (21), (23), (24) we readily get 

A ^pB^-Q^^ 2A^ - 2A^ - 2A, (25). 

We will next suppose p so large that we may safely expand 
the fractions in (18) and (19) in ascending powers of 1/p. To 
this end ^ must be at least 50, and we shall get, retaining only 
the most important terms in q^ and r^, 

q, = -^^^(A- + 9A,+ 25A,) (26). 

»-- = -^^(«. + 27«. + 125«^ (27). 

For large values of p, r^ vanishes compared with q^. We 
shall therefore retain only q in equations (20). We shall further 
suppose a,, a^ a^ to be small quantities multiples of 1/p' and that 
their ratios are such that 

a, + 3a,4-5a^ = (28). 

(The object of these assumptions will be presently seen.) 

From (21) and (28) therefore we may put 

-»i = K = -«5=J>. (29), 

where p, is a small quantity supposed to be a multiple of 1/p'. 



116 Mr Sharpe, On Liquid Jets. [Nov. 24, 

It will then be found from equations (4), (22) and (29), that 
so &r ve may regard cl and a, as arbitrary, and A^, A,, -A,, e^as 
determined in terms of tnem by means of the following equations: 



A^ = -a,-p„ ^, = -«, + 2p„ A,= 



«. 



= -*(«. + 30.) }-^^> 



We shall further ^et, omitting a small term multiplied by p^ in 
the bracket following, 

c,=-c: = ^r-(^. + Sa;) (31), 

^=i)5-f«, + K (32) 

4. We shall now make BHO as far as possible a line of con- 
stant velocity. In (2), putting for shortness z for 6^ and modifying 
by means of (29) and (31), we get for the equation to BEG 

^V^p) ^P*^^ ®^° y - |-2*sin 3y 4- 2^ sin 5y) 

-i(2a, + 3a,)22^^'-sin|my...(33). 

It is obvious that for any point on BHO the coefficient of p^ 
cannot exceed i and that the 1, cannot exceed 1, (1/n') which is 
about 118. All along BHC therefore y differs from ir/p only by 
quantities at most of the 2nd order of smallness. (They are in 
feet of the 3rd order.) In (1) therefore we may put unity for 
cos y, cos 3y and cos 5y, and then modifying (1) by means of (29) 
and (31), we have at every point on BnC 

-W=jP,(-j?+22:*-/) 

. 4 /a . o x^COSWTT __ . .^.^ 

4- -5 (2a^ + 3a.) S -— i- -?'• cospny + ^ . . .(34). 

P 7h 

From (1) and (31) and reasonincr like the preceding, it is evi- 
dent that V is at most of the 2nd order of smallness, because c. i& 
Therefore (u* + v") only differs from A* by quantities of the order 
1/p". Practically therefore at every point on BHC (34) gives the 
whole velocity. This velocity consists of a constant part A and 
a variable part. A portion of this variable part can be made, if 
we like, to vanish by putting 

2a^ + 3a3 = (36). 

The remaining portion will be a maximum or minimum at a 
point determined by 

-^+6^-5^ = (36). 

This is satisfied by j^ = 1 or the point B. 
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If p is poeitive, we readily see that a maximtim has been 
obtained. 

From (1) and (28) v vanishes at B. From (33) we see that 
BHC is always above its asymptote. When j^* = ^ (36) furnishes a 
nUrdmuTn, which, judging from the equation of continuity, should 
give us a maximum ordinate, which we indicate by H in the 
ngures. This idea is corroborated, as we can prove from (1) that 
/ = ^ causes v to vanish. 

K p^ is negative, the words " maximum and minimum " must 
be interchanged in the above sentences. BHC is then always 
below its asymptote, and at H there is a minimum ordinate or 
Vena Contracta (fig. 2). 

In both cases, as we are not so much concerned with the sign, 
as with the actual magnitude of the error in the velocity derived 
from (34) we see, since the coefficient of p in (34) vanishes when 
^ = 1, that the error is of the 3rd order of smallness at B and of 
the 2nd order at J7, as far as p is concerned. 

We now proceed to trace the curve AFOB on the right of Oy. 
6. From (7), (30) and (35) we get 

also from (32), pB^^a^ J ^ ^' 

therefore from (15) the equation to AFOB becomes, putting z for 

16a, 

j^(y-'»r) = -(2a, + p,)^siny 

+ (K + lA)^8in3y-(5/^,+ii>J-^8in5y...(38). 

As p^ is small compared with cq we see that it makes little differ- 
ence whether we put +|), or —p^ in the last equation, as the 
curves obtained wiU only differ slightly in shape and position. 
In &ct, to get a general idea of the form of the curve, we may of 
course practically put p^ = 0. 

We thus get for the abscissa of O where the curve cuts the 
line y^irjp 

-if^ 2^ + J/-K, 

whence z ^ '628 if a; is about ^. 

At J* ti s 0, so we get from (6) for the abscissa of F 

EF therefore increases slowly as p increases (see Art. 8). If for 
instance p = 100, EF = 5^ nearly. 
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To consider more carefolly the form of the small pc»tii» GB. 
As in this portion y< wip we may put in (38) y, 3y, by brtanf, 
sin 3y, sin 6y. We can tnen readily shew that in passing from the 
curve given by +^, to the curve given by — p, we alter the 
ordinate of OB by a quantity at most of the 3nl order of smaUnesi*. 
It is interesting to compare with this the fact that the correspondii^ 
alteration in tne ordinate of the jet at all points (except in the 
neighbourhood of ^ is of the 2nd order of smallness^ Thus a 
very small alteration in the vessel produces a disproportionately 
large alteration in the jet, in fact changing a maximum into a 
minimum ordinate or vice verA, 

The Problem thus seems to suggest a point of contact with 
Lord Bayleigh's article "On the Instability of Jets" — given in 
Vol X. of the Proceedings of the London Mathenuxiioal Society, 
though it must be admitted that in that article the author is con- 
sidering not the effect of the vessel on the form of the jet, but the 
instabiuty of the jet itself due to capillary force. 

6. Of course there is nothing whatever to prevent us puttiiig 
p, = in Art 4, in which case we see from (34) that not only at B, 
but all along the jet the error in the velocity would be at most of 
the 3rd order of smallness. 

We may remark that no attempt has been made to draw the 
figures to scale, as that would be difficult. 

7. Supposing p not to be zero, and the linear unit of measure- 
ment to be comparable with 1 foot (or perhaps better say 2^ or 3^), 
it would approximately make no difierence to the solution if a 

* From (88) we haye in enrved portion OB (patting a for o^ for sboriaaB), 

Now keeping z constant, rappoee we pat ~p^ fbr +|», and let y become y^ tbca 

.'. sabtracting, we bave nearly 

AainGB 2<*628, 

we baTC approximatelj 

/. aiin GB y<-» 



y-y^iaat moflof tbeorder -|. 



1890.] Mr Sharpe, On Liquid Jets, 119 

constaDt accelerating force g were acting on the fluid parallel to 
yO, for we see from (33) and (34) that in that case the equation 
«* + 2gv = constant would be satisfied accurately to the 3rd order 
of smiJl quantities all along BHC, as the coefficient ofj), in (33) 
is of the order 1/p. We thus get a sort of millrace BHu, and if p 
be large enough, AF might almost be regarded as a free surface. 

8. It was proved in Art. 5, in the solutions already obtained, 
that EF is a function of p which increases slowly as p increases. 
Suppose it were required to find a solution wherein EF is a con- 
stant quantity independent of p, but not zero. We could do so by 
introducing into equations (1), (6) &c. additional terms involving 
(say) sin ly and cos 7y with 2 additional arbitrary constants. The 
whole of the above process would then have to be gone through 
and it would be found quite possible to satisfy the new conditions. 
p would then have to be >70. The order of the errors would 
of course remain unchanged. In this case there is no point Q^ but 
the outer stream-line, an;er touching the asymptote at B, goes up 
to F, The figure on the right of Oy would then have a much 
closer resemblance to a cistern with an orifice at the bottom or (as 
we may suppose the figure symmetrical with regard to the axis of 
£) in the middle. There would be found to be an infinite number 
of such solutions. It must however be observed that we cannot 
find a solution of this kind wherein EF is actually zero. To prove 
thiB we will fii^t consider the case treated in Arts. 1 — 6 above. 
Since from (31) and (35) c/ = 0, we have from (6) to determine the 
abscissa of F, 

If this is satisfied by ^ = 1 we must have 

0=^b,-b^-b, + B (39). 

But from (16), for large values of p, 

6, + 6, + 6, = 57r (40). 

(39) and (40) being incompatible, EF cannot be zero. An exactly 
similar proof would apply if we introduced into (1), (6) &c. ad- 
ditional terms involving (say) sin 7y, cos 7y. 

9. In equations (1) (6) &c. the first three terms on the right- 
hand side involve the three odd numbers 1, 3, 5. We are not 
obliged to use odd numbers. Any integers will give a distinct case, 
provided that p is large compared with the largest of them. If we 
want a case which is compatible with the lowest possible value of 
p, we should choose the numbers 1, 2, 3, and then p would be as 
small as 30. So in Art. 8 if we chose the numbers 1, 2, 3, 4 we 
could have p as small as 40 and yet have EF to a considerable ex- 
tent independent of p. 
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(3) Note on the Application of Quaternions to the Diecumm 
of Laplace's Equation. By J. Brill, M.A., St John's College. 

1. The object of the following communication is to obtain, as 
far as is possible, with the aid of the Calculus of Quaternions, a 
theory for the three-dimensional form of Laplace's Equation 
analogous to the well-known theory of Conjugate Functions, which 
has proved of so much service in the treatment of the two-dimen- 
sional form. 

The two related solutions of the two-dimensional theory are 
replaced in the three-dimensional theorv, not by three, but by 
four related solutions. Thus if a, /9, 7, o be four quantities con- 
nected by the equations 

dx dy dz ' 

dh _da dy 
dy " dz dx' 

dz dx dy' 

dx dy dz ' 

then it is easily verified that a, ^, 7, S are severally solutions of 
Laplace's Equation. Moreover, if we interpret S as the velocity 
potential of a case of irrotational fluid motion, then a, /3, 7 are 
the components of the vector potential which occupies a similar 
place in the three-dimensional theory to that occupied by the 
current function in the two-dimensional theory. 

If we now write 

r = — S + ia +jfi 4- ky, 
we have 

\dx dy dz) \ dx dy dz) 

^^\ dy^dz dx}^\ dz^dx dy)"^ ^ ^' 

Further, let 

p = - 2ix + jy + kz, 

<r= ix^2jy+ kz, 

T= ix+ jy^2kz. 



Then we have 



Vp = V(r = VT = 0, 
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and therefore p, <r, r are vector solutions of equation (1); but, 
aince p + <r + r = 0, 

they only supply us with two independent solutions This, how- 
ever, will be sufficient for our purposes, since for the development 
of the theory we only require to know two independent special 
solutions. There is a certain disadvantage about these forms as 
the selection of two of them renders the work unsymmetrical. 
There is a symmetrical quaternion solution of (1), which involves 
X, y, z linearly, viz. 

2(x + y + z)+%(y - z) +j {Z'-x)+k(x-y); 

but I have not been able to hit upon a second symmetrical 
solution involving x, y, z linearly. 

2. Wo are now in a position to shew that there exists a 
relation of the form 

dr = dp.R + da'.8 (2), 

where R and 8 are quaternions whose expressions involve x, y, Zy 
but not dx, dy, dz. To verify this, assume 

R = u + if-\-jg + hh, 

S =v + il +jm + kn] 

and then equation (2) becomes 

— dS + ida +jdfi + kdy = (— 2idx -hjdy + kdz)(u + if+jg + kh) 

+ (idx — 2jdy + kdz) (v + il -{-jm + kn). 

This involves the existence of the four relations 

"dh ^(2f-l)dx +(2m-g)dy''(h + n)dz, 

da = (ti — 2u) dx+Qi — 2n) dy —{g + m) dz, 

d/S = {2h'-n)dx + (u-2v)dy +(f-^l)dz, 

dy=(m-2g)dx + (2l''/)dy +(u + v)dz; 

and since these are to be satisfied independently of the values of 
the ratios dx :dy : dz, we obtain the following twelve equations : 



^'-/■ 


9« 


9S L^ 


da , 


dy 


da 


!-»-». 


t—^' 




Z-'-^- 


^"-^ 
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Afl we have here twelve equations, and only eight quantities 
to be determined, it is obvious that the equations imply four 
relations between the differential coefficients of a, fi, 7, o. It is 
to be remarked that the group of twelve equations consists of 
four sets containing three equations each, the three equations of 
any one set contaimng only a single pair of the above-mentioned 
eight quantities. The paurs are as follows : u and v, f and !, 2 
and m, h and n. Thus each set of three equations will furnish 
us with a single relation, and enable us to determine, subject to 
that relation, the values of a pair of the eight quantities required. 

The four relations connecting the differential coefficients of a, 
^, 7, S are easily shewn to be identical with those contained in 
Article 1, and consequently the existence of equation (2) is justi- 
fied. Thus we have : 

OX oy oz 

ox oy oz 

It is also easily proved that the values of R and S can be 
expressed by the formulae 

3. Let p and q be two independent quaternion solutioDS of 
equation (1), then according to the preceding Article we have two 
equations of the form 

dp^dp.T -\-da .Uy 

dq^dp. F+ da . W. 

From these we obtain 

dp.U'' = dp.TU'' +da, 

dq.W^dp.rW+da; 

whence by subtraction 

dp.U'''-dq.W''=^dp{TU''--VW"\ 

and therefore 

dp = {dp .IT'^dq, W") {TU" - VW'T. 
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Similarly we should obtain 

da = {dp .T-'^dq, V-') {UT-'^ WV-')-\ 

Substituting these two values for dp and da- in equation (2), we 
see that it takes the form 

dr^dp.P + dq.Q (3), 

where 

and 

4. It now only remains to remark that equation (3) is to 
he regarded as the three-dimensional analogue of the relation 

dw=/'(z)dzy 

where w^f(z) = f(x + ty): which relation expresses that the 
latio dw : dz deJndB only on the origin from which the vector 
dx is drawn, and not upon its direction. If we have two complex 
variables u = x + ^y and v^z + U, and if w —/{u, v), then we have 
a relation of the form 

dw=^J- du + ^dv, 
ou ov 

where the values of df/du and df/dv depend only on x, y, z, t 
and not upon the values of the ratios dx : dy and dz : dt.^ 

In the quaternion theory the order of factors in a product is 
material, and it turns out that the differential tactors must be 
placed before the finite ones. 

The existence of the relation expressed by equation (3), seems 
to point to the necessity of a discussion of quaternion functions 
of two variables, i.e, involving two variable quaternions. This 
I hope to be able to furnish in a future communication to the 
Society. 

I am not at present prepared to give a geometrical inter- 
pretation of equation (3). Our work furnishes us with materials 
for calculating P and Q in terms of the differential coefficients 
of the elements of p, a and r, but the working out of the values 
by this method would be very tedious. It is possible that when 
a geometrical interpretation is discovered for equation (3), this 
may suggest some shorter method of obtaining the required 
values. 
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5. In conclusion, we may notice that Laplace's Equation b 
a particular case of a more general equation to which the quft- 
temion method is applicable, viz. the equation 

In this case, as in the former, we have four related solutioDSi 
but the equations connecting them are 

dx dy dz dt ' 

as^aa^ay as 

dy dz dx dt ' 

as^a^^aa 37 

dz~ dx dy dt ' 

dx dy dz dt 

These four equations are equivalent to the single quateniioo 
equation 

{h4x^JTy^4^i-^-^^-^3P^lcy) = (4). 

We however require three special solutions of this equation, for 
which we may take the following : 

li = ^ — ia? 4- J jy + kzy 

V = t + ix — jy + kz, 

w^t + ix+jy^kz. 

And, proceeding as in Article 2, we obtain a relation of the 
form 

ds^du. U+dv . V+dw. W, 

where 8 is any solution of (4), and U, F, W are quaternions whofie 
values depend upon x, y, z, t and not upon dx, dy, dz, dt.* From 
this we can deduce by proceeding as in the former case that if 



* We have 
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p. q and r be any three independent solutions of (4), then we 
obtain a relation of the form 

ds^dp.P + dq.Q-^-dr .R. 

[Since the paper was read I have obtained an analogue for 
another fundamental theorem concerning functions of a complex 
▼ariable, viz. the theorem that 



jf(z)dz=0. 



the integral being taken round a closed curve not involving any 
singular points. 

If we integrate over a closed surface, we have 

/ j(idydz +jdzdx + kdxdy) ^ = / 1 \dxdydzVr = 0. 

This theorem will of course require corrections similar to those 
necessary to make the other theorem general, but the material 
for furmshing these is ready to hand. It is to be noticed that 
in the statement of this theorem, as in that of the theorem of 
Article 3, the infinitesimal factor has to be placed before the 
finite one. 

There is also a corresponding theorem for the case discussed 
in Article 5, which may be written in the form 

\\Udxdydz 4- idydzdt +jdzdxdt + kdxdy dt) s = 0.] 

(4) On a simple model to illustrate certain facts in Astronomy, 
with a view to Navigation, By A. Sheridan Lea, Sc.D., Qonville 
and Caius College. 

The model consists of a small solid sphere, representing the 
earth, placed in the centre of a hollow sphere composed of circles 
of wire. Of these, one represents the celestial equator, one the 
ecliptic, and the others various meridians corresponding to the 
parallels of longitude on the earth. Small coloured balls can be 
attached at anv point on the wire circles to represent at any time 
the positions of the sun or any star relatively to the earth. A wire 
representing the axis of the ecliptic can be attached to one of the 
vertical meridians, and this carries the moon with the axis of her 
orbit inclined at 5"" to that of the ecliptic and movable round the 
latter. The model of the earth is perforated by holes bored at 
right angles to its surface by means of which a movable horizon, 
carrying a wire at right angles to it which determines the zenith, 
can be attached at any point of the earth. The model while 

VOL. vn. PT. III. 11 
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demonstrating the relative movements of the earth, sun, mooD and 
stars is more particularly intended to illustrate and explain ihe 
astronomical observations by means of which the position of ao 
observer is determined on the earth's surface, e.g. meridian and 
ex-meridian altitudes of the sun or a star whether the latter be 
circumpolar or not. It of course affords a clear explanation of the 
more important terms used in navigational astronomy, serves also 
to illustrate the cause of the varying length of day and night at 
different seasons of the year, the phases of the mooo and their 
relation to the tides, and affords a rough demonstration of the 
course of solar eclipses. 

(5) Note on a paper relating to the Theory of Functions, By 
W. BuRNSiDE, M.A., Pembroke College. 

In a paper " on the geometrical interpretation of the singubr 
points of equipotential curves " printed in Vol. VI. of the Society's 
Proceedings, Mr Brill has stated some properties of algebraical 
equipotential curves which are of very doubtful accuracy. 

The point of view taken seems to be this: that the several 
members of an equipotential family of curves do not generally 
meet in real points at all, and that when they do the points of 
intersection of the consecutive curves of the family are the branch 
points of the function which gives rise to the family. 

It is not explicitly stated, though it seems to be implied, that 
these points, viz. the branch points, are the only real points of 
intersection of such a family. Several of the results obtained in 
the paper in question depend on the accuracy of the above state- 
ments, so that it is perhaps worth while to examine them in 
some detail. 

For this purpose I limit myself to the case in which not only 
the curves themselves are algebraical, but also the function which 
gives rise to them. I also consider, except in the last paragraph, 
real points on the curves and real points only. 

Suppose that f(z, w) = is an equation of the nth degree in 
w. If a? + iy and w -f- iv are written for z and w, two equations 
each connecting x, y, u, v will result from /= 0, and by eliminating 
u and V alternately between these the equations of two systems of 
algebraical curves will be obtained of the forms 

/i (^» y» ^0 = 0, /, (^» y» v) = 0- 

The clearest conception of the intersections (real) of these curves 
may be obtained in the following manner. 

The function w of z, which as defined by the above equation is 
n-valued, can be represented as a one- valued function on the »- 
sheeted Riemann's surface belonging to the equation /=0; and 
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therefore at every point of this surface u and v will each have a 
single definite value, the only exceptions bein? the points 
corresponding to infinite values of w, at which (since w is an 
algebraical function) u and v will each take all possible values. 
If then on this surface the curves u = c(— x<c<oo) are drawn 
the separate curves will nowhere meet each other except at the 
points where w is infinite, and through these points all the curves 
of the family will pass. The same remark applies to the t;-curves. 
The Biemann's surface on which the curves have been drawn 
consists in its simplest form of n superposed infinite planes, the 
continuity between different planes being provided for by cross- 
cuts (to use Clifford's translation of " Verzweigungsschnitte") con- 
necting properly the branch -points. If now these n planes be 
regarded as ti-ansparent so that the curves may be seen as though 
lying in one plane, the result will be the same as though they 
had been so drawn originally. It is then at once clear that 
through every point of the single x, y plane n i^-curves and n 
v-curves will pass. [It is only by properly taking the curves in 
pairs so that u -f- iv is a root of f{z, w)^0 for the value o( x + iy 
considered that the u- and t;-curves will cut at right angles.] 
The only exception will be that through the points x + iy, which 
make one or more values of w infinite, all the curves of both 
systems will pass. The branch-points, i.e. the points x-\-iy which 
make the equation /= have eaual roots, will be distinguished 
in this way; that whereas generally the values ti,, u^-'-u^ of the 
parameters of the n i^-curves passing through a particular point 
are all different ; if the point is a branch-point at which r roots 
of the equation /= become equal, r branches of one curve w, 
and n — r other curves w,.^, > • • -w^ will pass through the point ; as 
well, of course, as r branches of a curve v, and r other curves 
^r+f-^»' It is obvious at once that such a family of curves can- 
not have what is usually called an envelope (real), for this would 
clearly necessitate the Riemann's surface consisting of an infinite 
number of sheets. 

The point in which Mr Brill seems to have gone astray is the 
following. In § 3 of his paper he says that if the curves v and 
v + dv intersect, the necessary condition is 

f[u-\'iv]=/[u + i(v + dv)] (A); 

[the equation between z and w in the paper referred to is written 

This clearly is not necessary, for the curves will intersect if 

/{u + iv]=f{u' + i(v + dv)] (B), 

where u and «' are different. 

11—2 
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In the light of the above geometrical reasoQing the condition 
(A) is, except at a branch-point, equivalent to supposing that the 
imaginary part of w has the two different values v and v + <2tr at 
one point of the Riemann's surface, which is inconsistent with w 
being a single-valued function on the surface (unless the point is 
an infinity of w). 

From the condition (A) Mr Brill at once deduces the relation 

f(u + iv) = 0, 

on which the statements mentioned at the beginning of this note 
are based. 

The condition (B) implies that the imaginary part of w has the 
two values v and t; + dt; at points corresponding to the same x + ty 
on two different sheets, say 1 and 2, of the Riemann's surfiEtce. The 
values of v on each sheet are continuous and hence on sheet 2 
there must be a branch of the curve v indefinitely near the branch 
v-{-dv. This branch v on sheet 2 and the branch v above con- 
sidered on sheet 1 will intersect, generally at a finite angle, when 
the curves are drawn on a single plane ; and hence the locus of 
real intersections of consecutive curves, which it was shewn above 
could not be an ordinary envelope, is a locus of double points. 
It is to be noticed that corresponding to the double point con- 
sidered on the i;-curve there will generally not be one on a w-curve. 

Mr Brill applies his equation 

f (w -f- iv) = 

to discuss not only the real but the imaginary intersections of the 
curves in question. To this purpose the equation appears to me 
to be entirely inapplicable. 

In considering the imaginary intersections of two «-curves, 
the problem in hand becomes one of functions of ttoo complex 
variables defined by equations like 

/i (^» y» w) = 0, 
where a? and y may both be complex. 

If the attempt be made to deal directly with imaginaiy values 
of x and y, say x^-\-ix^, y^ -|- iy^ in the original equation defining 
the function,^ becomes ^^ — y, + » (a?, -I- y,), and in the analytical 
work all trace of the original point is lost, as it is impossible to 
pass back from the two real quantities x^ — y, and ^, + yj to the 
original complex quantities which gave rise to them. 
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January 26, 1891. 
Prof. G. H. Darwin, President, in the Chair. 

The following Commuiiications were made to the Society : 

(1) On the Electric Discharge through rarefied gases without 
iedrodes. By Prof. J. J. Thomson. 

A vacuum tube was exhibited in which an electric discharge 
iras induced by passing the discharge of Leyden jars through a 
thread of mercury contained in a glass tube coiled four times 
Jong it. The induced discharge was found to be confined to the 
part of the vacuum tube which was close to the primary discharge, 
Mid it did not shew striae. 

It was also demonstrated that an ordinary striated discharge 
18 strikingly impeded by the presence of a strong field of magnetic 
force. 

(2) The Laws of the Diffraction at Gatistic Surfaces, By J. 
Larmor, M.A., St John's College. 

1. One of the most striking phenomena in connection with 
the propagation of light or other undulations is the circumstance 
that under certain conditions, common in optics and easily realis- 
able in the case of superficial water waves with varying depth of 
water, there exists a geometrical boundary beyond which the 
undulations cannot penetrate at all, but in the neighbourhood of 
which the disturbance is very much intensified. 

In the first approximations of Geometrical Optics, where the 
undulations are treated as a system of rays, and the energy is 
considered to be propagated along them, the caustic or envelope 
of the rays appears as a surface of infinitely great concentration 
of energy, which is also the boundary of the space into which the 
energy can penetrate. The conception that must replace this in 

vol. VII. pt. IV. 12 



132 Mr Larmor, On the Laws of ih4 [Jan. !6, 

a more exact view of the phenomena is that of the theory in- 
vestigated by Sir George Airy for the case of the rainbow, on 
the basis of FresneFs theory of diffiraction. It was shown by 
him that, outside the real caustic of maximum concentration, 
the energy of the undulations gradually fades away, so that with 
very minute wave-lengths the boundary of the caustic is quite 
sharp ; but that inside the caustic there is presented a series of 
successive maxima and minima, in bands running parallel to tbe 
absolute maximum or caustic surface. 

As the calculations of Sir George Airy had reference chiefly 
to the phenomena of supernumerary rainbows, he only cared to 
obtain tbe relative distances and illuminations of the succession 
of bands along the asymptote of the caustic. 

But the peculiarity of this case of diffraction is that there is 
no question of an aperture limiting the beam of light, so that the 
degree of closeness and other relations of the bands must depend 
only on the character of the caustic surface itself, along which 
they run. The law, connecting these elements, which is thus sug- 
gested for investigation, comes out to be very simple. It appears 
that for homogeneous light the system of bands is similar to 
itself all along the caustic, as regards relative positions and 
relative brightness, and that they are therefore similar to the 
supernumerary rainbows calculated by Airy and veriBed experi- 
mentally by W. H. Miller; while the absolute breadths at different 
parts vary inversely as the cube root of the curvature of the 
caustic surface along the direction of the rays. For different 
kinds of light the breadths vary as the wave-length raised to the 
power two-thirds. These laws are exact for the first few bands^ 
usually all that are visible, owing to the extreme closeness of the 
subsequent ones ; they form in fact the physical specification of 
the nature of caustic surfaces. 

2. These statements will be verified in the course of the 
following analysis of the diffraction near the surface of centres of 
a wave front, which forms the natural extension of Sir George 
Airy s investigation for that portion of the caustic which sensibly 
coincides with its asymptote. 

In the first place, talking a cylindrical wave-front, and referring 
it to the tangent and normal as axes, we have for its equation in 
the neighbourhood of the origin 

£ = ax^ + ba^ + 

The inclination of the tangent at the point a? is ^ = 2aa, the 
radius of curvature is 
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ad the radius of curvature of the evolute or caustic is 

_dR__ 36 
^ " # (2a)' • 

We have to determine the disturbance, at a point (f, l/2a) in 
le focal plane of the origin, due to the propagation of this wave. 
r the amplitude of the motion in the wave-front is tsin27r</T 
er unit length, the value required for the point in question will 

e 

r . f2irt 2irr\ ,^ 
fhere for the part in the neighbourhood of the origin 

Direct as far as terms in a^; where 7"* = (4a)"* + f '. 

This integral is to be taken throughout the extent of the 
»ave-front. The phenomena of optics show however that it is 
>nly the parts of the wave-front in the neighbourhood of the 
lormal that are efficient in producing illumination along the 
Qormal, for the more remote parts may be blocked out without 
effecting it. The integral may therefore be confined to the im- 
mediate neighbourhood of the origin, and we may proceed by 
approximation. Taking f to be small of the same order as 6, we 
luive as far as cubes 

r = 7~' — j^x — ^76a"V, 
d8 = dx(l + 2aV + 6abaf), 
wid * is of the form i = i^(l -{- ax -{- I3a^ -\- 7a:'), 
f« being the amplitude at the origin. 

Thus U sin ( Tj^^ 

Writing x' = x + \ax' + i(2a'' + ^)a^, 



this becomes /, (sin | r- — \- 



iiry^g.. ^«gj./. 



+ \[- §'^7? (2a* +/9) + T7fa' + iryb] oA dx'. 



12—2 
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or say 



which 



*0 



[sin Pj^ (t^l-\+Aaf-{- Bx" + CwA d:c\ 



= ij) * Isin \ -(t — const.) -^^{vf — mw)l dw, 

(B \ 
a: + o>r) , so that JwD* = 0, 

and -i^^ = ;D(^-3o)"^*^^*^^ *(^""32c)' 
which gives on reduction, writing unity for 7/2a, 



so that 

M = m (iX)* 6* {1 + im6-« (iX)» (ia* - j%a' - 1/3) f }, 

or in terms of the radius of curvature (R = l/2a) of the wave-front 
at the origin and the radius of curvature p of the caustic 

r = - P*'« (^^)* [i + hn [f^f KA «' - ^^) i? - m] . 

3. Neglecting the term of the second order in this expression 
we have f = - ?w (-^j , 

showing that the course of the ray caustic is bordered by a series 
of fringes which remain similar to each other throughout, and 
therefore are of the same type as the asymptotic fringes of Airy's 
supernumerary rainbow; but they come closest together at place* 
of greatest curvature of the caustic according to the law that 
their separation at any place is proportional to the cube root d 
the radius of curvature of the caustic at that place. 

The investigation shows that unless for fringes at a considerable 
distance from the ray-caustic their form is not sensibly affected bj 
the varying intensity in the wave-front. 

As we proceed along a caustic, the curvature gradually in- 
creases and the fringes therefore come together when we approach 
a cusp. At the cusp itself 6 = 0; and very near to it 6 is verj 
small, so that to determine the state of matters for an unlimited 
beam another term would have to be included in the equation 
of its front; but if the beam is limited in any way the fringes 
produced by this limitation will there rise in importance, and 
practically obliterate the ones now under discussion*. 

1 See Bayleigh, *• Investigations in Optics," Phil Mag., Nov. 1889, pp. 408—10. 
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4. The results of this analysis indicate how we may proceed 
In the general case where the wave is not cylindrical, but is curved 
in two dimensions. 

Keferred to the normal as axis of z, and the tangents to the 
dscs of principal curvature as axes of x and y, the equation of its 
front is 

z = cue* + 6y' ^pa? + ^qot?y + ^rxtf + sy* + ... 

It is required to find the disturbance propagated to the point 
Here 

so that lusinf :r-^\dxdy 

will be complicated. 

But the considerations already mentioned show tliat the value 
of the integral is practically settled by the elements in the neigh- 
bourhood of the origin, for which x and y are small. We may 
therefore consider only a small rectangular portion of the wave- 
front bounded by arcs parallel to the axes of x and y. To deter- 
mine the diffraction in the plane z = l/2a, we may consider only 
the plane problem presented by a wave of the form 

z^^ax^ +px^\ 

for the uniform curvature in the perpendicular plane represented 
by the coeflScient h will not affect the result at all, as is also 
obvious on continuing the general calculation. The variation of 
that curvature represented by the coefficient r will slightly dis- 
place the fringes, as it will alter the mean value of 7^. 

The dissymmetry indicated by the coefficients q and s will on 
the average produce no effect on the disturbance at a point in the 
plane xz\ these coefficients introduce odd powers of y which 
mtegrated over equal positive and negative range leave no 
appreciable result. 

Thus the illumination in the plane z= l/2a is determined by 
the values of a and p only. 
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Every beam in a homogeneous medium therefore converges to 
two ray-cau8tic surfaces which are the two sheets of the sur&oe 
of centres of curvature of the wave-fronts. Elach of these surfiftces 
is physically made up of a series of parallel bright and dark sheets, 
of which the first is much the brightest, whose distances and 
relative intensities always retain the same proportions. These 
distances are at any point proportional to the cube root of the 
radius of curvature of the normal section of the caustic sur&oe 
containing the ray which touches it at that point. 

5. It is easy enough to obtain actual examples of this general 
proposition. On looking at a bright lamp, sufficiently distant 
to be treated as a luminous point, through a plate of glass covered 
with fine rain-drops, the caustic surfaces after refraction through 
the drops are produced within the eye itself, and their sections by 
the plane of the retina appear as bright curves projected into the 
field of vision. These curves are each accompanied by the other 
parallel diffraction bands, which separate and become more marked 
as the curves recede asymptotically, while they assume a dif- 
ferent character near the cusps which are a feature of all sections 
of caustic surfaces. Near these cusps in the cross-section of the 
caustic surface two different pencils of light come into inter- 
ference. 

These phenomena are quite different from the ordinary cases 
of entoptic diffraction, in which when the eye is put out of focus 
by a lens, and a bright sky is viewed through a pinhole, the 
pencil of light coming through the pinhole projects on the 
retina shadows of the muscae volitantes floating in the aqueous 
humour, and these are accompanied by the ordinary bands at the 
boundaries of shadows. This case of an obstacle is the exact 
complement of that of a similar hole in a screen as regards the 
position of the bands; so that when the obstacle is small, the 
diffraction bands round the shadow form exact circles, irrespective 
of its shape, which is the ordinary visual appearance. 

The cusped caustic bands are easily seen when a distant street- 
lamp is viewed through a spectacle lens with minute rain-drops 
deposited on it. 

The diffraction problem which has here been discussed includes 
diffraction at a focal line, with an unlimited beam. In practical 
questions such as those relating to spectroscopes and the Her- 
schelian telescope, the exact focussing would however introduce 
the nature of the aperture into the discussion, and the limits of 
the integral would enter. 

6. In the case of a cylindrical beam the bands near the caustic 
have been counted up to 30 or more by W. H. Miller, and the 
divergence of the more remote ones is too great to allow an 



1891.] Diffraction at Caustic Surfaces, 137 

approximate theory like the above to be applied with much 
certainty. For them, as Prof. Stokes has remarked, a perfectly 
satisfactory procedure is to simply consider the difference of path 
of the two pencils of light which reach a given band by different 
ways; these may be considered as two separate interfering rays, 
exactly in the manner of Thomas Young's first apergu of the super- 
numerary lainbow. Now the difference of paths of the two rays 
up to the point P is clearly the excess of the two tangents from 
P to the geometrical caustic over the arc between their points of 
contact Thus we obtain the following simple and elegant graphical 
construction, which applies to all the system of bands except the 
first two or three; imagine the caustic curve constructed as a 
disc, and let an endless thread be placed round it, the bands will 
be traced by a pencil strained by this thread in the same manner 
as in the ordinary construction of an ellipse by a thread passing 
round its foci; and successive bands will correspond to equal 
increments in the length of the thread. 



(3) The effect of Temperature on the Conductivity of Solutions 
of Sulphuric Add. (Plates IV. and V.) By Miss H. G. Klaassen, 
Xewnham College (communicated by Prof. J. J. Thomson). 

Graham has shown that the viscosity of sulphuric acid increases 
upon addition of water until a maximum is reached at the com- 
position of nearly one molecule of water to one of acid. Upon 
further dilution the viscosity continually decreases. 

If a curve, in which the ordinates represent the electrical 
resistance and the abscissae the percentage composition of solutions 
of sulphuric acid in water, be drawn from Kohlrausch's observa- 
tions, it will be seen that a point of maximum resistance exactly 
corresponds to this degree of concentration. The fact, that these 
maxima should both occur when the composition of the solution 
is almost exactly one molecule of water to one of acid, points to the 
existence of the hydrate H,SO^ . H,0. 

If the increase of viscosity and of resistance, supposing it due 
to this hydrate, were found to diminish with a rise of temperature, 
this fact would furnish strong evidence in favour of the theory 
that the hydrate H,SO^ . H,0 dissociates into H,SO^ and H,0 at 
higher temperatures. 

That the increased viscosity does diminish with the rise of 
temperature has been proved by some recent determinations of 
the viscosity of sulphuric acid solutions at temperatures between 
15°C.andlOO°C.* 

» PhiL Mag., Oct. 1889. 
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It was suggested to me by Professor Thomson that it would be 
of interest to ascertain if the increased electrical resistance due to 
the hydrate would also tend to disappear at higher temperatoresw 

With this object in view I determined the resistance of varioiu 
solutions of sulphuric acid at temperatures between lo"* Q and 
100° C. 

The resistance was measured by means of the Wheatstanc 
bridge with a Post Office resistance box and a double com- 
mutator^ which reversed the battery and galvanometer circaitc 
simultaneously. In every experiment the solution was heated 
twice to a temperature of nearly 100° C, but in no case did the 
observations taken indicate any change of concentration fioni 
absorption of steam. 

The following observations were taken : 



97 7 

Temperature BesiBtance 

17-4° C 27-4 Ohms 

97-6 6-8 

86-6 77 

79-2 8-4 

70-9 9-5 

590 Ill 

48-2 13-5 

37-9 16-5 

29-5 200 

17-0 27-9 



H,SO, 

Temperature Besistanoe 

86-5' C 7-7 Ohms 

85-5 7-8 

80-4 8-3 

71-2 9-4 

591 11-2 

46-5 14-0 

427 15-0 

35-6 17-5 

30-2 19-8 



95 7o 

Temperature Resistance 

16-2^ C 20-3 Ohms 

90-9 5-37 

87-0 5-6 

787 6-22 

70-5 6-9 

610 7-9 

49-5 9-6 

39-6 117 



H.SO, 

Temperature Hesistanoe 

640^ C 7-6 Ohms 

48-2 9-8 

341 130 

20-6 181 

18*9 18-85 

900 5-4 

94-5 51 

811 61 

670 7-3 



1 For description of commutator, see DriU Ass, Report, 1886, p. 328. 
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90-47, 

Temperature Besisiance 

16-4" C 19-22 Ohms 

81-4 4-9 

79-9 5-0 

67-3 6-1 

92-25 4-2 

90-6 4-3 

76-9 6-22 

66-9 61 

50-5 8-3 

37-5 10-9 

39-0 10-5 

67-4 6-06 

86-6 7o 

Temperature Besistanoe 

14-7° C 22-2 Ohms 

34-6 1218 

66-9 61 

64-8 6-3 

44-0 9-6 

351 12-0 

16-2 211 

841 7, 

Temperature Besistance 

15-7° C. 21 02 Ohms 

24-65 16-51 

35-05 11-9 

43-4 9-7 

54-2 7-7 

62-8 6-4 

81-7 % 

Temperature Besistance 

17-3" C. 19-85 Ohms 

67-7 5-7 

5.9-5 6-G 

47-0 8-6 

29-9 13-3 

87-2 4-1 

92-0 3-83 

81-9 4-5 

80-5 4-6 



H^O, 

Temperature Besistance 

58-0° C 7-1 Ohms 

49-2 8-4 

47-7 8-7 

37-1 110 

29-1 13-4 

171 18-82 

89-2 4-4 

75-6 5-3 

50-7 8-2 

28-9 13-5 

14-2 20-5 

24-7 150 

H,SO, 

Temperature Besistance 

94-2° C 4-0 Ohms 

92-4 4-1 

85-2 4-5 

72-5 5-5 

61-9 6-6 

47-9 8-8 

23-45 16-7 

H,SO, 

Temperature Besistance 

eSo^C 5-8 Ohms 

86-9 4-4 

16-6 211 

38-7 10-95 

66-4 6-05 

54-8 7-G 

H^O, 

Temperature Besistance 

16-3° C 20-3 Ohms 

57-2 G9 

39-1 10-4 

37-5 10-8 

15-9 20-6 

87-2 41 

80-5 4-6 
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74-7 7, 

Temperature Besistance 

16-8^ C 13-3 Ohms 



H,SO. 

Temperature Besistanee 

91-9" C 3-35 Ohms 



96-7 
93-6 

82-5 

80-5 
68-9 
50-3 
420 
30-5 
28-7 



3-2 
3-3 

3-8 
3-9 
4-6 
6-2 
7-3 
9-4 
9-8 



87-9 
81-8 
71-4 
50-2 
420 
30-5 
28-0 
60-4 
63-2 



3-5 

3-8 
4-4 
(>-2 
7-3 
9-4 
10-0 
5-2 
4-97 



H,SO, 

Temperature Besistanoe 

63-6° C 1-53 Ohms 

460 1-81 

15-8 2-7 

•6 3-67 



30 7, 

Temperature Besistance 

170' C 2-68 Ohms 

420 1-89 

624 1-60 

91-3 1-33 

840 1-40 

These observations are represented graphically in Plate IV. in 
which Temperatures are represented by ordinates, and Resistances 
by abscissae. 

The form of these curves is similar in type to that of the 
corresponding ones for viscosity given by Mr D'Arcy in the Phil. 
Mag,, Oct. 1889. The curvature first increases with the tempera- 
ture, reaches a maximum, and then decreases. 

In Plate V. are represented the isothermals for 18° C, 20° C 
30° C, 40° C, 50° C, 60° C., 70° C, 80° 0. and 90° C, dra^'n from 
the curves in Plate III., resistances being represented by ordinates, 
and the percentages of HLSO^ by abscissae. Points marked ® are 
taken from Kohlrausch's observations. 

The isothermal for 18° C. has been continued up to its minimum 
point (30°/q H,S0^) from the observations of F. Kohlrausch. 

This curve has a point of minimum resistance at about 

92 7„ H.SO,, 

the resistance tlien rises, reaching a maximum at 

84-5 °/, H,SO, (the hydrate H,SO, . H,0), 

and then again falls. The isothermals for higher temperatures 
show that this rise in the resistance gradually diminishes, up to 
70° C, above which temperature the resistances are in descending 
order of magnitude. The increased resistance due to the hydrate 
has, however, not quite disappeared, for even in the isothermal for 
90° 0. there is a change in the sign of the curvature, although 
there is no longer a point of maximum resistance. 
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Additional evidence in favour of the existence of the hydrate 
H,SO^ . H,0 is afforded by the fact that it can be obtained in the 
crystalline form. 

The hydrates of SO, which have at present been crystallised 



melting point 

(1) H,SA 

(2) H,SO, 0°C. 

(3) H^O,.H,0 7-5° C. 

(4) H,S0,.4H,0 -25° C. (Pickering, Chem, News, 

1889). 

We know from the experiments of W. Kohlrausch upon solu- 
tions of SO, in HjSO^, and from those of F. Kohlrausch upon 
aqueous solutions of H,SO^, that the formation* of (2) and (3) is 
accompanied by an increased electrical resistance. HjSO^. 4HjO, 
on the other hand, appears to have no effect upon the resistance at 
ordinary temperatures. What eflfect the formation of the hydrate 
HjSjOy may have upon the resistance has not been ascertained, as 
the observations of W. Kohlrausch do not extend to solutions of 
greater concentration than 90'67 7o SO,. 

Judging from these facts it would seem that the formation of 
a hydrate does not necessarily produce an increased resistance, 
though in the cases of H,SO^ and H,SO. . H,0 it appears to do so. 

But we have seen that the hydrate H,SO^ . H,0 dissociates as 
the temperature rises. It is possible, therefore, tnat H,S0^ . 4sH.fi 
which has a melting point of — 25° C, while that of B[,SO^ . H,0 is 
75° C, may be so far dissociated at 18° C. that there is not 
sufficient of the hydrate present to produce a perceptible effect 
upon the resistance. 

February 9, 1891. 

Professor G. H. Darwin, President, in the Chair. 

The following Communications were made to the Society : 

(1) On Eectipetality and on a modification of the Klinostat 
By Dorothea F. M. Pertz and Francis Darwin, M.A., Christ's 
College. 

[^Abstract; received March 5, 1891.] 

Vochting has shown that geotropically induced curvatures 
may be removed by subjecting the curved plant to slow rotation 
00 a horizontal klinostat. It is usually assumed that the growing 
part, being freed from external stimulation, straightens itself by 

^ Tlie point of maximum resistance is between 99*75 ^j^ and 99*9 7o H^SO^. 
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an inherent regulating power to which Vochting has given the 
name Rectipetality. But it is not certain that the klinostat does 
remove external stimuli. Elfving*s experiments on the growth of 
grass-halms show that though the gravitation-stimulus is sym- 
metrically distributed, it is not destroyed. If the klinostats 
action depends on the symmetrical distribution of stimuli, not on 
their removal, we shall be compelled to take a different view of rec- 
tipetiility. To test this question a new form of horizontal klinostat 
was devised. The axis of this instrument is not kept in constant 
rotation, but at intervals of half-an hour it executes a half revo- 
lution. A shoot or stem geotropically curved is fixed in the 
klinostat so that the plane of curvature is horizontal The suc- 
cession of half turns prevents any geotropic distortion in the plane 
at right angles to the original plane of curvature, while in that 
plane the plant is free to increase or diminish its curvature apart 
from any fresh gravitation-stimulus. The experiments show that 
under these circumstances the curvature diminishes, and this can 
only be due to an inherent regulating power, the rectipetality of 
Vochting. 

The modified klinostat, which will probably be of use for 
other purposes, was designed and made by the Cambridge Scien- 
tific Instrument Company. 

(2) On the Occurrence of Bipalium Kewense, Moseley, in a 
new Locality; with a Note upon the Urticating Organs, By 
Arthur K Shipley, M.A., Christ's College. 

[Received Fehnuiry 9, 1891.] 

Bipalium Kewense was first described by Professor Moseley in 
the year 1878, from specimens obtained in the hot-houses at 
Kew. In 1883 Dr Gunther received some examples of this species 
from Welbeck Abbey, and one specimen was described from Qap- 
ham Park. Mr 0. Salvin exhibited some of these animals before 
the Zoological Society in 1886, collected from amongst pieces of 
broken tiles at the bottom of some pots of Calceolarias which had 
stood in a cold frame all the winter in his garden near Haslemere, 
Surrey. Some specimens from the same locality formed the object 
of some interesting observations by Professor Jeffrey Bell during 
the same year^ Finally the specimens which I am able, owing to 
the kindness of Professor Newton, to exhibit to the Society this 
evening came from the neighbourhood of Bath. 

^ Since writing the above, Prof. Herdman has informed me that Bipalium 
Kewense was found in an Orchid house at Aigburth, near Liverpool in 188S, 
and Mr Beddard writes to me that specimens are from time to time brought to him 
from the gardening department of the Zoological Gardens. 
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Outside England this species has been found in the Orchid- 
Houses of the Botanical Garden in Berlin, and in the Palm- 
Gardens of Frankfort. As early as 1883 it had been noticed in 
the Botanic Garden of Cape Town, and it has been known in 
Sydney since 1874, although its presence was not registered till 
1888. It has recently been found by Mr J. J. Lister under stones 
in the forests of Upolu, Samoa, and it is not impossible that this 
is one of its native habitats \ 

Unfortunately the records of the appearance of B. Kewense 
fail to throw much light on its native habitat. It has almost in- 
variably turned up in hot-houses, usually associated with Orchids ; 
and there is nothing to show that these Orchids in all cases came 
from the same part of the globe. Sydney is the only place where 
it seems to have established itself, and here it is described as 
existing in great numbers, lying under pieces of wood, etc., or 
crawling along the pavements and palings. In Eugland, as is 
pointed out above, it has only occurred sporadically and a few at 
a time, probably introduced afresh, or disseminated from Kew. 
It does not seem in any danger of establishing itself. Rhyn^ho- 
demus terrestris, O. F. Miill, still remains the only British Land 
Planariau. 

The specimens from Bath vary a good deal in length. One, 
whilst crawling up a wall, attained the length of seven inches. 
The body is extremely extensile and soft, and the animals seem 
capable of creeping through the smallest crannies. Those that 
Professor Moseley described were some of them nine inches long, 
a length surpassing that of any other species of Bipalium, but 
New South Wales specimens were even longer; one of them 
measured 14 in. and another 9 in. (6). The worms crawl about 
actively, by means of the strong cilia on their ventral surface, and 
in their natural conditions appear to coil round stems and blades of 
grass, etc. 

llie semilunar anterior end, which is characteristic of the 
genus, does not always maintain its outline, but the contour of the 
head is constantly changing (1). The head is generally raised 
above the surface of the ground, and processes appear to be 
pushed out from its edge, which test the surface upon which the 
animal crawls. 

There seems to be no doubt that B. Kewense, like other allied 
species, is nocturnal in its habits, strong sunlight being harmful 
and often fatal to it. Its surroundings must also be kept very 
damp. One of the most curious features of its economy is the 
harmful effect which certain foreign substances have upon its well- 
being. Dr Trimen (27) records how one specimen was killed in 

* Vide Zoolog, Anzeiger^ No. 361, p. 139. 
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the space of some minutes by dropping upon a grate covered with 
blacking ; Mr Fletcher (6) states that in Sydney, where they ap- 
peared in considerable numbers, they were constantly found either 
moribund or dead on the pavement, the surface of which ap- 
parently did not agree with them, and the living specimens which 
were kindly sent to Cambridge by Mr L. Birch unfortunately 
crawled on to the sides of a glass bottle and there died. Mr 
Harmer tells me that the same fate overtook some specimens of 
Rhyncltodenius terreetris which had found their way on to a glass 
surface. This extreme sensibility to the contact of foreign sub- 
stances seems strange when we remember what a copious coating 
of mucus these animals can produce at will 

Bipalium Kewense lives on earthworms^insects, etc. and probably, 
like the other species of the same genus whose habits have been 
investigated, it is entirely carnivorous, and does little harm to the 
orchids and other plants with which it may be associated. Some 
species devour small molluscs as well as earthworms, the nulula of 
a snail having been found within a Bipalium from the Philippines 
(12). B. javanum (14) eats small Gastropods; its pharynx, which 
envelopes the body of the animal, shell and all, being powerful 
enough to crush the shell, the pieces of which do not pass into the 
alimentary canal, and are either rejected or possibly dissolved by 
the secretion of the numerous glands which open into the pha- 
rynx. At present there is no evidence to show that these animals 
are ever vegetable feeders. 

Like most other Turbellarians, Bipalium is hermaphrodite; 
but it also reproduces by transverse fission, and this may to some 
extent account for the great variation in length in individuals 
found in the same locality, and also for the not unfrequent absence 
of the semilunar head. B. javanum is protandrous, the male 
organs being mature in July and August, the egg-oocoons not 
being deposited till October or November (14). 

The faculty of depositing considerable quantities of mucus is 
one of the most remarkable characteristics of these animals ; their 
path can be traced by a slimy tract which quickly dries up. Prof. 
Jeffrey Beirs (1) observations tend to show that in Bipalium 
KetmTise the mucus is secreted by the anterior end of the body : 
this observer is of opinion that the secretion may serve to entangle 
offending bodies, and possibly also helps to catch objects which serve 
as food. In some of the tropical species this mucus is very 
copious, and hardens into threads by means of which the animals 
suspend themselves. They are occasionally blown, hanging at 
the end of their threads, from one stem or branch to another, like 
the young of many species of spiders. 

The specimens which were sent to Cambridge had unfor- 
tunately crawled on to the inner surface of the glass bottle in 
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"wbich they were confined. When they came into my hands they 
were in a state of deliquescence, and formed a slimy mass with 
a more or less definite outline. On examining this deposit with 
a microscope, it became apparent that the various cells composing 
the body of the animal had parted company. Amongst the 
numerous glandular and other cells which formed a considerable 
portion of the slime, certain large cells were seen, each of which 
appeared to contain two or more bodies. At first I mistook these 
structures for the ordinary rod-shaped rhabdites, so common in 
Planarians. On a more thorough examination, however, I found 
that what I had at first taken for two bodies was in fact but one 
continuous structure bent in the form of a V; and that to one end 
of the body a long whip-like appendage was fixed. Several of the 
cells, which were provided with a nucleus, burst while under ob- 
servation ; and they appeared to do so by the efibrts of the con- 
tained rods to straighten themselves ; at any rate, when the cell 
burst, the rods straightened themselves, and the thread borne by 
their ends was thrown out. The thread did not, like the threads 
of the nematocysts of Hydra, stretch straight out, but assumed 
a somewhat coiled disposition. The rhabdites, which were also 
present, had very much the appearance of the thicker basal portion 
of the flagellated structures, but were without the whip ; and it 
occurred to me that possibly the rhabdites, which are so common 
in the Turbellaria, might be derived from the basal part of the 
flagellated structures. This view is, to a slight extent, supported 
by the fact observed by Loman that, in the East Indian species he 
examined, the number of the simple rhabdites and the number of 
flagellated structures varied inversely. Loman is inclined to 
regard the somewhat similar bodies, prolonged at each end into 
a fine thread, which he found in his Bipalium javanum, as true 
nematocysts, such as are found in Coelenterates and in some 
species of Rhabdocoels^ e.g. in Microstoma lineare and Stenostoma 
Sieboldii. But whereas in the typical nematocyst the urticating 
thread is coiled up inside the capsule, and is evaginated when 
shot out, in the bodies found in Bipalium there is no capsule, but 
a basal thick portion, either bent or coiled, and a thin thread 
wound round this. That these organs have, at any rate in some 
species, the same irritating properties as the nematocysts of Coe- 
lenterates is shown by the fact that Mr Thwaites (18) experienced, 
when he applied bis tongue to some living land Planarians in 
Ceylon, "a feeling of unpleasant tingling," which "was accom- 
panied with slight swelling. The sensations [were] very similar 
to what is experienced upon a slight scalding.'' Mr Dendy also 
tasted the Australian species, Geoplana Spenceri, and describes the 
results as very unpleasant. 

The following is a list of the more important papers which 
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have appeared on Land FlaDarians since the publication of Pn>- 
fessor Moseley's memoir (17). 

1. Brll, F. Jeffrey; 

Note on Bipalinm Eewense, and the Generic Characters of Land-Planarians. 
Proc. Zool. Soe,, 1886, p. 166. 

2. Bbroendal, D.; 

Zur Kenntniss der Landplanarien. 
ZooL Anzeiger, x. Jahrgang, 1887, p. 218. 

— Do. Ann, and Mag, Nat, Hist. (5th Ser.), Vol. 20, p. 44. 

3. Blomefield, L. ; 

Note on the Oocorrenoe of the Land Planaria (Planaria terrestris) in the 
neighbourhood of Bath. 
Proc, Bath Nat, Hist, and Antiquarian Field Club, Vol. in., 1887, p. 71 

4. CARRlfeBE, J.; 

Ein nener Fondort von Planaria terrestris, 0. F. MUUer. 
Zool, Anzeiger, n. Jahrgang, 1879, p. 668. 

6. Dendt, Abthur; 

Anatomy of an Australian Land Planarian. 
Trans. Roy, Soe, Viet.t Vol. i. Pt. n., p. 60. 

6. Fletcher, J. J.; 

Bemarks on an introduced species of Land Planarian, apparently Bipaliom 
Kewense, Moseley. 
Proc, of the Linnean Soc, of New South Wales t 2nd Ser., Vol n., 1887, p. 244. 

7. Fletcher, J. J., and Haitilton, A. G.; 

Notes on Australian Land Planarians with Descriptions of some New Species. 
Proc, of the Linnean Soc, of New South Wales, 2nd Ser., VoL n., p. 849. 

8. V. Graff, L.; 

Ueber ein. interessante Thiere des Zoolog. und Palmengartens zu Frankfort a. M. 
Der Zoolog, Garten, 20 Jahrgang, 1879, p. 196. 

9. Harmer, S. F.; 

[Note on the occurrence of Bhynchodemus terrestris at Cambridge.] 
Proc, of the Camb, Philos, Soc,, VoL vii., Pt. ii., p. 83. 

10. V. Kennel, J. ; 

Die in Deutschland gefundenen Land-Planarien, Bhyncodemus terrestrie, 
O. F. Muller, und Cteodesmus bilineatus, Mecznikoff. 
Arbeiten aus deni Zoolog isch-Zootomischen Institut in Wiirzburg, Bd. v., 1882, 
p. 120. 

11. — Bemerkungen iiber einheimische Land-Planarien. 

Zool, Anzeiger, i. Jahrgang, 1878, p. 26. 

12. LoMAN, J. C. C; 

Ueber den Bau von Bipalium, Stimpson. 
Bijdragen tot de Dierkunde, Aflev. 14, p. 61, 1887. 

13. — Zwei neue Arten von Bipalium. 

Zool, Anzeiger, Vol. vi., 1883, p. 168. 

14. — Over den bouw van de Land-Planarien. 

Tijdschr, Nederl. Dierk, Ver., i. Deel, p. 130. 

15. — Ueber neue Landplanarien von den Sunda-Inseln. 

Zool. Ergebn, ein. Reise in Niederl, Ost. Ind, Heft. i. p. 131. 

16. MoBELEY, H. N.; 

Description of a new Species of Land-Planarian from the Hot-houses at Kew 
Gardens. 
Ann. and Mag. of Nat. HUt,, 5th Ser., Vol. i., 1878, p. 237. 
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17. M08B1.ET, H. N.; 

On the Axiatomy and Histology of the Land Planariana of Ceylon, with some 
▲oooant of their Habits and a Description of two new Species, and with 
Notes on the Anatomy of some European Aqnatio Species. 
PhiL Tram., 1873, p. 105. 

18. -; 

Urticating Organs of Planarian Worms. 
Nature, Vol. xvi., 1877, p. 475. 

19. — Notes on the Stmctnre of several Forms of Land Planarians, etc. 

Quart, Joum, Microsc. Sci.j Vol. xvii., 1877, p. 278. 

20. DB Man, J. G.; 

Geocentrophora sphyrooephala n. gen. n. sp., eene landbewonende Rhabdocoele. 
Tijdsckr. Nederl. Dierk, Ver„ n. Deel, 1876. 

81. — De gewone enropeesohe Land-planarie, Geodesmns terrestris O. F. Miill. 

TijdMhr. Nederl Dierk. Ver,, 11. Deel, 1876, p. 238. 

82. BicHTEBS, Febd.; 

Bipalinm Kewense eine Landplanarie des Palmcnhanses zu Frankfart a. M. 
Der Zoolog. Garten, xzvin. Jahrgang, 1887, p. 23. 

23. Salvik, O.; 

Exhibition of Bipalium Kewense. 
Proe. Zool, Soc,, 1886, p. 205. 

24. ScHULZB, F. E.; 

Dber lebende Bipalinm. 
Sitzungsber. Ges. Nat, Freunde Berlin, 1886, p. 159. 

25. Spencer, W. B.; 

Notes an some Victorian Land Planarians. 
Proc. Royal Soe, of Vict,, 1891, p. 84. 

26. SrEENSTBrp, J.; 

Om Jord-Fladormens (Planaria terrestris 0. F. M.) Forekomst i Danmark. 
Vid. Medd, /. d. witurh. Forening i Kjnbenliavn, 1869, p. 189. 

27. Tbdosn, Roland; 

On Bipalinm Kewense at the Cape. 
Proe. Zool. See., 1887, p. 548. 

28. Vejdovsky, F.; 

Note Bur nne nouvelle Planaire terrestre (Microplana humicola nov. gen., 
noT. sp.). 
Rev. Biol. Nard de la France, n., 1889-90, p. 129. 

29. Zachabias, O.; 
Landplanarien anf Pilzen. 

Biolog. CentraXblatt, 8 Bd., 1888-1889, p. 542. 

(3) The MeduscB of Millepora and their relations to the medu- 
sifintn gonophores of the Hydromedusse. By S. J. HiCKSON, M.A., 
Downing College. 

[Abstmct; reprinted Jrom the Cambridge University Reporter, Feb, 17, 1891.] 

In Millepora plicata no medusiform structures of any kind 
were observed. The spermaria are simple sporosacs on the sides 
of the dactylozooids. The eggs are extremely minute and show 
frequently amoeboid processes: they are found irregularly dis- 
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tributed in the coenosarcal canals of the growing edges of the 
colony. 

In MiUepora vnurrayi from Torres Straits large well-marked 
medusae, bearing the spermaria, were observed lying in ampulls 
of the coenosteum. Even when free from the coenosarcal canab 
and ready to escape they show no tentacles, sensory bodies, radial 
or circular canals, velum or mouth. They are formed by a simple 
metamorphosis of a zooid of the colony. The eggs of this species, 
like those of M, plicata, are extremely small and amoeboid in 
shape. They are not borne by special gonophores. 

In the Stylasteridcdy the eggs are large, contain a large quantitj 
of yolk, and are borne by definite cup-like structures produced bj 
foldings of the coenosarcal canals. 

In Allopora the spermarium is enclosed by a simple two 
layered sac composed of ectoderm and endoderm. The endodenn 
at the base is produced into the centre of the spermarium as 
a simple spadix. 

In Distichopora the male gonophores are similar to those of 
Allopora, but there is no centrally placed endodermal spadix. In 
both genera a two layered tube (seminal duct) is produced at the 
periphery of the gonophore when the spermatoza are ripe. 

Neither the gonophores o{ Allopora s,nd i)is^icAopora, nor the 
medusae of Millepora murrayi show any traces in development of 
being degenerate structures like the adelocodonic gonophores of 
the other HydroTnedusm, 

(4) The Development of the Oviduct in the Frog. By E W. 
MacBride, St John's College. 

I [Abstract: received February 9, 1891.] 

In July of last year I undertook, at Mr Sedgvrick's suggestion, 
the investigation of the origin and growth of the oviduct in the 
Frog. Some considerable time was spent in determining the 
stages in which it is formed. No trace of it is visible tUl the 
animal has lost all the characteristic tadpole organs except the 
tail ; and it is complete, from a morphological point of view, 
when the frog has attained a length of about 17 millimetres, after 
the tail has been absorbed. 

So far as I am aware, there are only two papers dealing with 
the development of this duct in the Anura. The first of these is 
by C. K. Hoffmann, in the *Zeitschrift fiir wissenschaftliche Zoo- 
logie ' for 1886 (Bd. 44), and the other by A. M. Marshall and 
E. J. Bles, in the second volume of the ' Studies from the Biolo- 
gical Laboratories of the Owens G)llege.' 

Hoffmann describes the duct as arising from a patch of modified 
peritoneum just ventral to the third and now only remaining 
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nephrostome of the pronephros. This patch, he says, is dorsally 
involuted to form a groove, open below. Ventrally it is prolonged 
downwards and outwards over the surface of the pronephros, and 
even beyond it for a short distance. It is distinguished from the 
unmodified epithelium by being highly columnar. The part of 
the Wol£San duct in front of the mesonephros, the lumen of which 
is at this stage much reduced, then separates itself from the de- 
generating pronephros, and splits into two rods of cells. The 
dorsal of these is continuous with the Wolffian duct behind, and 
the ventral one applies itself in front to this involuted patch of 
peritoneum, and forms the first rudiment of the oviduct. But the 
oviduct does not grow back in continuity with the Wolffian duct. 
On the contrary, it enters into close connection with a longitudinal 
strip of peritoneum which lies to the outer border of the kidney, 
and consists of columnar epithelium. Hoffinann states that the 
hinder portion of the duct is formed from these cells, though 
whether by involution to form a groove or by proliferation he 
could not determine. In the meantime, the groove which formed 
the ostium of the duct, and which was originally dorsal, has 
become prolonged ventrally round the base of the lung. It closes, 
forming a canal which now opens ventrally. Later, this ventral 
extension atrophies, leaving the ostium in its original dorsal 
position. 

Marshall and Bles have only observed a few isolated facts in 
the development of the oviduct. They confirm Hoffmann in his 
account of the ventral displacement of the ostium ; but fail to 
observe any splitting of the front part of the Wolffian duct. They 
state that the hind end of the duct is, in the first year, a solid rod 
of cells ; but do not notice any relation to the peritoneum. 

My observations differ from those of Hoffmann in several im- 
portant particulars. It will be convenient to describe first the 
origin and fate of the abdominal opening, and then that of the 
rest of the duct. In a tadpole in which the hind-limbs alone are 
visible, I find three nephrostomes in the head-kidney, the cells of 
which bear long flagella pointing inwards, as Hoffmann has 
pointed out. The first of these is situated some way in front of 
the glomerulus, the second immediately in front of the attachment 
of the glomerulus, and the third immediately behind it. 

In my next stage ; that is to say in a frog 38 muL long (in- 
cluding the tail, which was about 21 mm. long), one nephrostome 
only remains ; but, as this is situated some considerable distance 
in front of the glomerulus, it must be regarded as the first and not 
the third of the preceding stage. Immediately ventral to it 
there is a groove in the peritoneum, open below, the epithelial 
lining of which is very columnar and quite different in appearance 
to that of the nephrostome. This columnar epithelium is con- 

13—2 
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tinued out over the surface of the pronephros and beyond it, as 
Hoffmann has described. The groove, traced backwards for 15 
sections, becomes a canal, which after two sections ends in a solid 
thickening of the peritoneum. In succeeding stages the groove 
extends ventrally, as described by Hoffmann, and in the last stage 
it has become a canaJ, opening somewhat ventrally, the opening 
having already acquired the fimbriae of the adult orifice. But 
I have been quite unable, after examining a number of adults, to 
detect any important difference between the position of the ab- 
dominal opening in my last stage and that of the adult funnel. 
The latter is not situated dorsally but at the side of the lung. It 
is fimbriated, and these fimbriae are continued, lying in a grocTe, 
on to the mesentery connecting the stomach and liver, over the 
ventral surface of the lung. It is true that the length of the 
orifice appears to have extended somewhat in a dorsal direction, 
but that is all. 

As to the origin and backward growth of the duct behind the 
funnel, I find that the mode of origin described by Hoffmann for 
its hinder portion holds for its entire length. It has been men- 
tioned above that in the earliest stage the peritoneal groove, 
traced backwards, ends in a slight thickening of the peritoneum. 
The next stage shows the same condition of things; but a good 
length of the groove has been converted into a canal. In the first 
stage the Wolffian duct is still discernible in the part of the body 
in front of the mesonophros, but it is reduced to a rod of pale 
degenerate cells. There is no indication of any splitting such as 
Hoffmann described ; and it appears d priori in the highest 
degree improbable that fresh development should take place firom 
such an atrophied rudiment. I may mention that Hoffmann 
omits to give any figures illustrating this point. In frogs of this 
age (that is to say those in which the tail is about as long as the 
body), there is a distinct line of epithelium on the outer border of 
the kidney, reaching back to the cloaca, which is distinguished 
from the rest of the peritoneum by its more columnar character. 
In succeeding stages, all trace of the Wolffian duct in front of the 
kidney is gone; and the thickening of the peritoneum mentioned 
above travels back along this line of modified epithelium. I have 
called it a peritoneal thickening because I believe it to be derived 
firom the peritoneum. It appears in sections as a projecting 
nodule of deeply staining tissue, the outermost cells of which pas 
at the side into the ordinary peritoneum. Furthermore, although 
the rudiment in front of the kidney grows back with some regu- 
larity, behind the kidney it is formed long before one can trace it 
at the side of this organ. It nowhere comes in contact with the 
Wolffian duct. But it is not possible to speak with absolute cer- 
tainty as to the origin of the cells which compose this solid nidi- 
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ment, because there is, especially in front, some lymphoid tissue 
at the outer border of the kidney — in fact the whole pointed end 
of the mesonephros degenerates to a string of such tissue. 

The lumen of the duct appears first in front and then behind 
in the region of the kidney. In the latter position it appears here 
and there in patches. It is formed by the rearrangement of some 
of the cells in the rod in a stellate manner, sometimes one cell 
and sometimes two cells deep beneath the surface. 

The conclusion which seems to be suggested by these investi- 
gations is the complete independence of the oviduct from the 
WolflSan duct in the Anura. 

I have, in conclusion, to express my warmest thanks to Mr 
Sedgwick for his advice and assistance to me in this work. 

February 23, 1891. 

Prof. G. H. Darwin, President, in the Chair. 
The following Communications were made to the Society : 

(1) TidaL Prediction — a general account of the theory and 
methods in use and the accuracy attained. By Prof. G. H. Darwin. 

Published in Nature, Vol. 43, p. 609. 

(2) On Quaternion Functions, with especial Reference to the 
Discussion of Laplace's Equation. By J. Brill, M.A., St John's 
College. 

1. The following communication is intended as a sequel to 
the one that I made to the Society at the end of last term. In 
that paper I showed how we might obtain analogues to tlie 
theorems connected with conjugate functions with the aid of 
four related solutions of Laplace s Equation obtainable from the 
solution of a quaternion differential equation of the first order. 
I now propose to obtain a form for the general integral of the said 
equation. 

2. On account of the non-commutative character of the 
symbols involved, quaternion functions are of a more complicated 
character than ordinary scalar functions, and for their full dis- 
cussion would require a notation and nomenclature of their own. 
We may, however, in the case of functions of a single quaternion, 
as was done by Hamilton in the case of the exponential, extend 
the definitions of some of the ordinary scalar functions so as to 
apply to quaternions, by defining the quaternion function as the 
sum of a quaternion series exactly similar in form to the scalar 
aeries which defines the corresponding scalar fu action. It is to be 
remarked, however, that this method cannot be consistently carried 
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out to the end, as the inverse of a quaternion function would not 
in general correspond with the quaternion function framed on the 
model of the inverse scalar function. Still further difficulties 
would arise if we attempted to apply the scalar notation to 
functions of two quaternions. 

So far as I am aware, Boole ^ was the first to give a general 
expression for a function of a single quaternion framed on the 
model of a specified scalar function. His expression may be easily 
deduced from Sylvester*s Interpolation Formula* in the Theory of 

Matrices, which states that if X^, X,, \ be the latent roots of 

an n-ary matrix, then 

•^ w - ^ (XrxJ(x,-X3) (^-x.y^'-'^' 

where m denotes the matrix, provided that none of the latent 
roots are equal. 

The identical equation satisfied by a quaternion is 

gr--25S?+(rg)» = 0, 

and, therefore, the latent roots of the quaternion are given by the 
equation 

X*-2XS2 + (rj)«=0; 

and since {TqY = {Sqf + {TVq)\ 

it is clear that the roots are 

Sq + iTVq and Sq - iTVq. 

These roots are obviously distinct except in the case when ; 
reduces to a scalar. Thus we have 

= I {/(Sq + iTVq) +/(8q - cTVq)} 



2 



+ luVq {/(Sq + iTVq) -/{Sq - iTVq)\. 



2i 
which is Boole's result. 

> *■ On the Solution of the Equation of Continuity of an Incompressible Fluid," 
Proe. R. I. A., vi. 375— 38d. 

* This theorem was stated by Sylvester in a paper in the Phil. Mag. to 
October 1883, entitled "On the Equation to the Secular Inequalities in Um 
Planetary Theory." It also appears as the second law in his "Laws of Motion 
in the World of UniTersal Al^bra." 
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3. Assuming Boole's result and writing /X?) for the quaternion 
ranctioQ framed on the model o{f'{x), we easily obtain 

V(«?) = Sf (?) . VSq - TV/' (q) . VTVq + TV/(q) .VUVq 

+ {TVf (?) . VSq + Sf (q) . Vr Kg) . UVq 

= [VSq + ^TVq . UVq] {Sf (q) + UVq . TVf(q)} 

+ TV/{q).VUVq 

= Vgr ./' (3) + V OTg . {TVfiq) -TVq.f {q)]. 

In an exactly similar manner we should obtain 

dfiq) = dq.f'{q)+dUVq.{TVf{q)-TVq.f'{q)]. 

If UVq be constant, %,e. if the vector of q preserve a constant 
direction, then 

dUVq--0 and VUVq^O, 

and in that case we have the two relations 

V(?) = Vg ./' (g). df(q) = <ij ./' {q). 

The equation dCrFg = requires that I7Fy = const., and it is 
easily established that if q is to be a real quaternion then the 
equation V UVq = also requires the same condition. 

4, Instead of the elementary solutions of Vr = used in my 
former paper, we might have taken the simpler pair 

u^y+kx, v=^z—jx, 

in which case our theorem would have taken the form 

9/* St* 

dr = dw . 5- + du . ^ . 

oy oz 

Now, if X and fi be scalar constants, 

UV{Xu+,.v)=%^^, 

and is, therefore, constant. We also have 

V {\u + fiv) = 0, 
and it, therefore, follows by the preceding article that 

V . e^«+'*^ = 0. 

Thus we see that the general integral of the equation Vr = 
may be written in the symbolical form 

9 . c 
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where 

f(\, /*) = ^ + fix + Ca* + ^ {i)X» + 2£V + J^/**} 

+ ^, {^' + 3H\*fi + 3KX/JL* + Lfi.*] + &a, 

the coefficients A, B, C, &c., being in general quaternions. The 
generality of this form will not be affected if after expansion of the 
exponential symbol and subsequent differentiation we make X and 
ft both zero. Hence we obtain 

r = -4 + <*B + vC + 2", {uW + {uv + vu)E + tfF] 

+ Q-, [uJ'O + {uh + um + w') jET + (uv* + mv + v'^u) K + ifL] + &c. 

It is important to notice that the quaternion coefficients must 
always be placed last in the various terms of the series. Graves* 
gave a form similar to this as a quaternion solution of Laplace's 
Equation, but he seems to have only contemplated the possibility 
of scalar coefficients, and in consequence his result loses in 
generality. The importance of introducing quaternion coefficients 
will be at once seen if we attempt to express the elementary 
solutions mentioned in my former paper in terms of those used in 
this. We have 

.^-2jy+ kz^^" 2{}/ + kx)j'{-(z-jx)k, 
ix+ jy^ 2kz = (y + kx)j — 2(z —jx) k, 
2 (a; + y + ^) + i (y - 2^) + j {z'-x)-^k{x- y) 

= (y + A;^)(2+i-A) + {z-jx) (2-i+j). 

By means of the equation 

d/{q)=dq.f'{q) 

of the preceding article, which holds in the case under con- 
sideration, we have 

=-du.e ^^ f^f":^ +dv.e ^^ f"* /- 
= du, U+dv . V, 

^ *'0n the Solution of the Equation of Laplace's Functions," Proc. R. L^-j 
VI. 162 — 171, 186 — 194. Graves's papers were written with the object of giTJng 
the interpretation of a symbolical form obtained by Carmichael, *' Laplace's Equation 
and its Analogues/' Cambridge and Dublin MaOiematical Journal^ yu. 126—137. 

3 It is to be understood that after expansion of the exponential symbols ind 
subsequent differentiation, \ and fjL are to be made zero. 
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where U and V are formed from df/dX and df/dfj, in a similar 
manner to that in which r is formed from f{\ /a). Thus we see 
that if we take u and v as our fundamental solutions of Vr = 0, the 
formula discussed in my former paper is very closely analogous to 
the formula 

which would hold if w were a scalar function of the two variables 
{ and f). 

Instead of the pair of special solutions that we have here made 
use of, we might have chosen either of the pairs 

z ^-iy and x — ky, 

X -i-jz and y — iz, 

I have investigated the matter and find that, adhering to real 
quaternions, the most general form that we can take for our pair 
of special solutions, in order that a third solution may be expressed 
iu terms of them in the simple form of the present article, can by 
a suitable choice of axes be expressed by 

y + kxy y cos a -{-z sin a — X (J sin a — k cos a). 

5. The expression for r given in the preceding article is 
obviously not perfectly general, as it is derived from a series con- 
taining only positive integral powers. In the second part of the 
paper referred to above, Graves gave a method of deriving solutions 
from scalar series containing negative and fractional powers, but 
he did not succeed in expressing his results in terms of the two 
special solutions he made use of. I think that it is highly probable 
that if we take any two independent special solutions, any other 
solution can be derived from them; but at the same time it is 
possible that the said other solution may not be expressible in 
terms of the two special solutions in the ordinary functional 
form. 

[There is one remark to be made in completion of my former 
paper. It is there proved that if p and q be any two inde- 
pendent solutions of the equation Vr=0, and r any other solu- 
tion, then there exists a relation of the form 

dr = dp . P H- dg . Q, 

where P and Q do not involve the ratios dxidy : dz. The converse 
of this is also true : for since the above relation is to be satisfied 
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for all small variations of the point (x, y, z), it involves the three 
relations 

dx dx ox 

?i'=^ P + h Q 

dy dy' dy'^* 

Hence it follows that 

Vr = V|) . P + Vj . Q, 

so that if V|) = and Vq = 0, we have Vr = also.] 

[It is to be remarked that a theory similar to the one 
established in the above paper can be constructed for the equation 
discussed in Art. 5 of my former paper, by choosing for the 
elementary solutions the expressions 

X — it, y —jt, z — kt 

Apnl '27th, 1891.] 



March 9, 1891. 

Dr Lea in the Chair. 

H. Q. Dawson, M. A., Christ's College, was elected a Fellow of 
the Society. 

The following Communications were made to the Society: 

(I) On the disturbances of the body temperature of the fowl 
which folio IV total extirpation of the fore-brain. By J. Georok 
Adami, M.A., M.B., Christ's College, «fohn Lucas Walker Student 
in Pathology. 

[Abstract; received May 8, 1891.] 

In the course of a series of experiments, undertaken at Paris, 
upon the development of fever by means of aseptic solutions 
of the products of bacterial growth it became important to take 
into consideration how far the various phases of the febrile state 
depend upon the action of the higher nervous centres; to see 
whether a typical fever can be induced when the cerebral hemi- 
spheres have been removed, and to investigate the terms of 
relationship between 'the heat-centres' (if these have a local 
existence) and the altered conditions of heat production and 
the giving off of heat which obtain during the febrile state. 
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rhese questions I do not propose to answer in the present paper, 
Hrhich is but of the nature of a preliminary communication. 
[ can here only state the results of certain first steps towards a 
resolution of the problems, and note the variations in the tempe- 
rature of the body, as measured by the thermometer, during the 
days immediately following upon the removal of the cerebrum. 

For these experiments I made use of the fowl. Mammals 
were out of the question for any prolonged observations, inasmuch 
as they cease to manifest any vitality whatsoever in the course 
of but a few hours after the hemispheres have been extirpated ; 
and I employed the fowl rather than the pigeon (which other- 
wise has many advantages) because with the former it is the 
more easy under ordinary conditions to induce experimental fever. 
In the a-volitional non-sentient state which follows removal 
of the cerebral hemispheres the fowl, it is well known, may con- 
tinue for weeks, and it may be months. When however in 
addition to the hemispheres the optic lobes are to a greater or 
less extent extirpated, as was purposely the case in my ex- 
periments, then this state, it would seem, can last for a much 
shorter time, the bodily functions ceasing in from one to ten 
days according to the amount of obliteration of these organs 
that has been practised. Hence in these experiments it cannot 
be said that the stage of ' shock ' following the operation has 
definitely been passed: it is impossible to declare that the 
variations in temperature which I am about to describe are not 
largely due to the highly irritable condition of the rest of the 
nervous system brought about by operative interference and re- 
moval of the higher centres. 

Kept at an equable and moderate external temperature the 
ordinary fowl exhibits during the day a variation in the body 
temperature of at most 0'75° C, the mean temperature of well- 
fed fowls as measured in the rectum being — in winter — about 
423° C. (108° F.). But after extirpation of the hemispheres and 
optic lobes — the latter wholly or partially — the temperature 
variations became very wide, passing from below SS"* to above 
45° C, and it was a matter of extreme difficulty to prevent, 
even for a few hours, well-marked ascents or descents of the 
temperature. Removal, therefore, of so large a portion of the 
brab had thoroughly disturbed the balance between the thermo- 
genic and thermolytic powers of the organism. 

So great had been the disturbance that now the fowls reacted 
to changes in the external temperature much in the same way 
as do cold-blooded animals. Placed in a room whose temperature 
was 22° C. (71-6° F), and covered carefully with cotton wool 
the rectal temperature rose rapidly until in those instances in 
which the rise was unchecked it reached the height of 44*6° C. 
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(1120° F.) or more, in one case becoming as much as 45-325** C 
(113'58° F.). Removal of the cotton wool checked the rise and 
often induced an actual fall through more than a degree in the 
course of two hours. With an atmosphere slightly warmer 
(24'' C.) no cotton wool was necessary to bring about an ascent 
Transference to a room whose temperature was some degrees 
below 22° C. led to a rapid lowering of the point to which the 
mercury rose. Thus in one case, the fowl being placed in a room 
at 24° C. and covered with wool, the body temperature rose four 
degrees in five hours, from 40"2° to 44*2^ C. ; transferred to a room 
at 18° the animal shewed in less than three hours a fall through 
5*6 degrees, to 38*6°; then replaced in the room at 24°, this time 
without a covering of wool, the temperature rose slowly but 
steadily until it reached 428° at the end of eight hours. I might 
adduce many other instances to the same effect 

Similarly, in animals whose fore-brain had been extirpated, 
15 ccm. of cold water poured into the crop caused a fall of from 
half a degree to a degree duiing the course of the succeeding 
half-hour. This amount of cold water has no effect upon the 
body temperature of the normal fowl. On the other hand a rich 
proteid diet in the form* of an egg, beaten up and warmed to 
nearly the temperature of the body, caused invariably a well- 
marked rise of one to three degrees beginning two to three 
hours after the animal had been fed. This rise reached its 
maximum in about six hours, and may be compared to the rise 
that has been found to occur in the crocodile and, I believe, 
the snake, after a large meal of animal food. 

It may be noted here that while change to a cooler atmosphere 
caused lowering of the body tempemture, this lowering, if the 
change had not been too considerable, tended to give place 
eventually to a slow rise. To this extent the reaction differs 
&om what obtains in the cold-blooded animal, and despite the 
removal of the fore-brain there would seem to be a tendency for 
the body temperature to be brought back to the normal. 

With the temperature liable to such great and constant 
fluctuations it was extremely difficult to determine the effects 
of injections of fever-producing substances, as, for example, 
sterilised bouillon in which the Vibrio Metschnikovi had been 
grown, or to know at what moment these might be made. Never- 
theless in the two cases in which such injections were performed 
under what appeared to be favourable conditions there was so im- 
mediate and steady a rise of temperature through two degrees 
during the succeeding eight hours, that I am led to see in this 
rise an indication that febrile changes may be induced in the 
hen deprived of its hemispheres, and, if it be accepted that iu 
the fore-brain lies tl)e main heat regulating mechanism of the 
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body, that febrile changes may be induced independently of this 
mechanism. 



(2) On the nature of Supernumerary Appendages in Insects, 
By W. Bateson, M.A., St John's College. 

[Ah8tr€u^,'\ 

The author exhibited a number of specimens in illustration of 
this subject. 

The evidence related to about 220 recorded cases of extra 
legs, antennse, palpi or wings, and particulars were given as to 
the mode of occurrence of these structures. 

Speaking of cases in which the nature of the extra parts could 
be correctly determined, it was found that the following principles 
were generally followed : 

I. Extra appendages arising from a normal appendage usually 
contain all parts found in the normal appendage peripherally to 
the point from which they arise, and never contain parts central 
to this point. 

IL Such appendages are commonly double. The axes of the 
three appendages then stand in one plane, one being nearer to the 
normal appendage and one remote from it. In structure and 
position the nearer limb is the image of the normal limb in a 
mirror perpendicular to the plane in which the limbs stand, while 
the remoter extra appendage is the image of the nearer one in a 
remote mirror parallel to the first. Thus if the normal limb is a 
right limb, the nearer supernumerary is a left and the remoter a 
right, and vice versd. 

An extra appendage sometimes occurs which is apparently a 
single structure. In all instances in which the matter could be 
determined, it was found that the apparently single appendage in 
reality consisted either of two anterior halves or of two posterior 
halves of a pair of appendages conforming to the law stated. 
Probably therefore no extra appendage is morphologically single. 

It was pointed out that these phenomena are important as 
an indication of the physical nature of bodily symmetry, and 
in their bearing upon current views of the character of germinal 
processes. 

The author expressed his indebtedness for information, or the 
loan of specimens, to Messrs H. Gadeau de Kerville, Pennetier, 
Giard, Kraatz, L. von Heyden, Dale, Mason, Westwood, Water- 
house, N. M. Richardson, Janson, Reitter, &c., and especially 
to Dr Sharp for much help and advice in examining the 
specimens. 
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(3) On the Orientation of Sacculina. By Theo. T. Groom, BJL, 

St John's College. 

[Abstr<ict; received March 10, 1891.] 

In comparing the larval stages of various members of the 
group Cirripedia I have found it necessary to come to some inde- 
pendent conclusion as to the relation of the adult animals in the 
several groups to one another. One of the questions raised con- 
cerns the morphology of the Rhizocephala. 

The Rhizocephala are, as is well known, a group of small 
animals parasitic on Decapod Crustacea. 

It is only of late years that we have obtained anything like 
an accurate knowledge of the structure and life-history of any 
member of this group; but since the appearance of Delage's 
classical paper^ on the development of Sacculina we have had a 
fair knowledge of one species. 

Two views as to the orientation of Sacculina have been main- 
tained, the earlier by Kossmann*, and the later by Delage. 

In order to determine the orientation of Sacculina it will be 
necessary to briefly compare the structure of the adult with that 
of a typical Thoracic Cirripede such as Lepas or Pollicipes, 

In both, the whole structure indicates a primitive bilateral 
symmetry on each side of a median plane. At one end of the 
body is a peduncle or more or less elongated stalk by which the 
animal is attached : this in Sacculina, in accordance with its para- 
sitic mode of life, gives oflF rootlets for the absorption of nutriment 
The body gives off in the median plane in close relation with the 
peduncle at one point the mantle, the histology of which presents 
considerable similarity of a special character in the two forms, 
as seen in the accounts of Delage in Sacculina and of Koehler' 
and Nussbaum* in Lepas, Pollicipes, etc. The diflferences in histo- 
logy between the two are evidently closely connected with the 
absence in Sacculina of the strong calcareous plates of Lepas and 
the consequent predominance of muscular and connective tissue 
elements, a result of the different modes of life of the two fonD& 
The mantle surrounds the body on all sides, forming the mande- 
cavity closed except at the end remote from the peduncle, where 
the mantle-opening leads to the exterior. The mantle-cavity has 
in both the same function of retaining and probably of aerating 
the es^gs. The mantle is attached to the body by a band of tissue 
not distinct from the peduncle in the adult Lepas (although 

^ Eyolution de la Saoonline. Archives de Zool. Exp, et. OHi., 2 S6rie, Tome 8, 

> Sucioria und Lepadidae. Arheiten a. d. zoolog. zoot. Imtitut in Wfirzburg, ^ 
1874. 

' Becherohes snr rorganisation des Cirrhipddes. Archives de Biologie, n, 1^ 
* Anatomisohe Stadien an Califbmiscben Girripedien, Boon, 1890. 
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definitely recognisable in the larva) but forming a membrane in 
ScLcculina running from the peduncle to the mantle-opening and 
termed by Delage the mesentery. Symmetrically situated on each 
side of the median plane are the oviducts opening into the mantle- 
cavity by the two female genital pores^. The relation of the 
oviduct to the ovaries is similar in both cases, though in conse- 
qnence of the different situation of the ovaries (due perhaps to 
the special mode of nutrition in Sacculina) the relative lengths 
are very different: in both, the lower part of the oviduct is 
expanded to form a chamber', the glandular walls of which, 
simple in Lepas, but branched in Sacculina, constitute the 
KiUdrilsen of the Germans and ''Glandes cementaires'* of Delage 
(as Giard' has pointed out and Delage admits, these glands have 
no relation with the cement-elands proper of Cirripedia). The 
function of these glands in both groups is to produce the peculiar 
sac or cocoon* in which the ova are enclosed when lying in the 
mantle-cavity as the omgerovs lamellae of Darwin'. 

The openings of the vasa deferentia (also symmetrical) in 
Cirripedes are less constant in position than the other organs 
mentioned, and I wish to reserve all mention of them for a future 
occasion. 

The last structure to be compared in the two forms is the 
nervous system. This in Lepads consists of a supra-OBsophageal, 
a large sub-cesophageal and a series of posterior ganglia. In Sao- 
cuiina a single ganglion is present, corresponding probably in 
position with the sub-oesophageal ganglia of Lepads or Balanids, 
hoih being near the female genital apertures. 

Now both Kossmann and Delage are agreed that the plane of 
symmetry passing through the mesentery in Sacculina is the 
median vertical plane. Kossmann places the peduncle in front, 
the mantle-opening behind and the mesentery on the dorsal line. 
Delage making the mesentery ventral and the mantle-opening 
posterior gives Sa/xulina a position diametrically opposite to that 
of Kossmann. He bases his view solely on the situation and 
origin of the ganglion. Since, he argues, this arises on the ventral 
side in articulate animals, the neighbourhood of the edge of the 
mesentery close to which the ganglion originates must also in 
Sacculina be ventral; in other words the mesentery is ventral; 
and since the nervous centre in Cirripedes is situated in the 
region of the thorax, the ganglion of Sacculina must indicate the 

1 Krohn, Wiegmann's Archiv. f. Naturgesehichte, 1859. Hoek, Challenger 
Beport, Vol. x., Guripedia, Anatomical Part, 1884. NuBsbanm, loe. cit. 

* Hoek, NnsBbaum, loe, eit. 

' Sot Torientation de Saooulina Caroini. Comptes Rendus, 102. 

* Hoek, NuBflbaum, loc, cit. 

* A monograph of the Cirripedia, Lepadidae and Balanidae, Bay Society, 1851, 
1854. 
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point where the thorax would be if present ; i,e, the posterior end 
of the animal 

I must admit, however, that it seems to me quite impossible '. 
to determine the orientation from one point alone, and that I 
given the ganglion were situated at the posterior end of the 
body on the ventral side, I fail to see why the side on which the 
mesentery is situated cannot be equally dorsal or ventraL We 
need more than one point to determine the orientation of any 
animal, and this it seems to me is given in the present case by 
the comparison of other structures. Delage, however, rejects the 
evidence furnished by the other organs, and bases this rejectioD 
on the embryology of Scuxndina, of which he has given so inte- 
resting an account. He finds that upon the fixation of the 
Cypris-form the young Saccuiina loses all its organs (carapace, 
appendages, etc.) and becomes reduced to a mass of embiyoDic 
cells from which all the organs of the adult Sa/xulina develop de 
Twvo, He concludes from this that not only are the organs of the 
adult morphologically different from those of the C^ris-stage, 
but that there is no necessary agreement of any one of the sur- 
faces of the adult with any one of the larva, the former being 
determined wholly by the relation of the parasite to the host 

The development is certainly remarkable, but I think there is 
no reason to doubt as Qiard' has done the general correctness of 
Delage's account. The development of organs de novo occai^, 
however, in other forms and the case in point seems to me hardly 
more marvellous than the re-development of the three posterior 
pairs of maxillipedes in Squilla after they have been once lost', 
or the similar reproduction of the last two pairs of thoracic 
appendages in Sergestes*, and other analogous cases: yet few 
would venture to doubt the homology of these appendages with 
the corresponding ones in allied forms*. 

The tendency of late years has been, I think, to admit that a 
very considerable amount of modification of the ancestral develop- 
ment may take place, and that we must be exceedingly cautious 
before admitting any case of ontogeny as presenting a truthful 
representation of the phylogeny. The comparison of tne structure 
of the adults will in many cases be of greater service. 

It appears to me, therefore, that the cumulative evidence of 

* Giard, loc. cit, 

' Balfonr, A Treatise on Comparatiye Embryology, vol. i., 1880. 
' Balfour, op, cit, 

* I must point oat that the nervous oentre is one of those organs which, aooori* 
ing to Delage, arises de novo, and that if such organs are not to be regarded is 
homologous with those of the larva, Delage is hardly justified in determining the 
orientation of Sa4:culina by means of the position of the ganglion, since it esn 
hardly be doubted that the nervous system of the Saeeulina Cypris-form is the 
same thing as that of the Cypris-form and adult of Thoracic Cirripedes. 
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the organs compared in Lepas and Sacculina speaks very strongly 
in favour of their homology in the two, and if this be the case 
there can be little doubt as to the true orientation of Sacculina, 
and that though the supposed development on which Kossmann 
partly based his case has oeen shewn by De]age not to take place 
it will be necessary to return to the older view based upon less 
complete information, that the mesentery is dorsal and the 
mantle-opening posterior. 

There is one more point to which I wish to draw attention. 
The great similarity in structure and relation of the oviduct in 
Lepads and in Sa^cculina makes it exceedingly probable that these 
organs are truly homologous. Now in all Cirripedes in which 
the position of the genital pores has been accurately determined 
they are very constantly situated at the base of the first of the 
six pairs of cirri*. In all probability then the portion of the 
body on which the two oviducts open is thoracic. This conclusion 
agrees well with the position of the ganglion which corresponds 
closely with that of the largest ganglion of the Thoracica. I 
would suggest then that when fixation of the Cypris-form takes 
place a great reduction in size of the thorax occurs at the same 
time as the moult accompanying that fixation, and that the whole 
of the thorax and abdomen is not cast off in the way Delage 
supposes, but that a portion, small perhaps, but morphologically 
representing them is left attached to the head This would indicate 
a conception of the Rhizocephala differing considerably from that 
proposed by Delage who considers the adult Sacculina to represent 
the head alone of other Crustacea. The visceral portion of the 
parasite would consist of head and thorax fused together; the 
latter, judging from the position of the female genital pores, 
occupying as much as one-quarter of the whole. The carapace 
attached to the dorsal side of the head in Lepas and in the Cypris 
stage of Sacculina must then be regarded as fused to the dorsal 
side of the thorax as well as the head, in a manner analogous to 
that of the higher Crustacea. 

(4) Some experiments on blood-clotting. By Albert S. Qrun- 
BA.UM, Gonville and Caius College. 

[Abstrad; received March 3, 1891.] 

In the ' Centralblatt fur Physiologic ' of 1888, p. 263, there is 
a paper by K. Bohr on the respiratory changes due to injection of 
peptone and leech-extract, and in this paper he incidentally 

^ I have lately been able to supply the only miBsing link in the chain of 
evidence which points to Darwin's '* Acoustic sacs" as marking the termination of 
the oyidnct : the eggs in one specimen of Lepas were found actually issuing from 
ttie orifice of the sac. 

VOL. VII. PT. IV. 14 
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mentions that if, in the rabbit, the coeliac and superior meaenteric 
arteries be tied, the blood, if collected after about four hours, will 
not clot for about two hours. He intimates his intention of en- 
quiring fui*ther into this matter, since his assertion is based on 
two experiments only; but he has as yet written nothing more 
on the subject. 

In April, 1890, I commenced repeating his experiments, bat 
I have not yet had time to investigate the matter completely. 
However, in six experiments in which the coeliac and superior 
mesenteric arteries were ligatured, the blood collected aJways 
clotted in less than two hours: in fact, generally under ten 
minutes. In one case only were twenty minutes required before 
the clotting became evident. It is true that the time was slighdy 
lengthened, since, normally, clotting takes place in 3-5 minutes; 
and the clot was decidedly not so firm as usual. The experiment 
were performed as Bohr describes, except that in the first two, 
the abdomen was opened in the middle line, instead of at the 
side. After four hours, the animal being under chloroform during 
the whole time, the blood was collected from the carotid. Bohr 
states that his animals were apparently as well at that time as at 
the beginning : I always found the stomach partially self-digested 
and the intestines becoming gangrenous, and there was a great 
fall of temperature. 

The occlusion of the arteries by the ligature was always tested 
by injecting the animal after death, and, with one exception in 
which the coeliac artery let the injection through, was found to be 
complete. Thus it appears that some slight though evident effect 
on tne clotting may be produced by stopping the circulation 
through the stomach and intestines, but it is generally not as 
marked as in Bohr's two experiments. 



May 4, 1891. 

PBOF. Q. H. DaKWIN, PRESroENT, IN THE ChAIR. 

The following Communications were made to the Society : 

(1) The most general type of electrical waves in dieUcbric 
media that is consistent with ascertained laws. By J. Labmor, M.A, 
St John's College. 

It was explained that Maxwell's hypothesis of complete circuits 
reduces the whole of electrodynamics to the ascertained Ampfere- 
Faraday-Neumann laws for such circuits, as it completely defines 
the character of the electrostatic polarisation which must be 
postulated as a part of the thoory. The question as to how &r 
the theory of electrodynamics may depart from this simple form 
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when the circuits are not assumed to be complete was then 
examined mathematically on the lines of v. Helmholtz's investiga- 
tions. It was shown that waves of transverse displacement will 
always be propagated in a dielectric, irrespective of what hypo- 
thesis is assumed as to the law of the mutual action of incomplete 
currents, whether that adopted by v. Helmholtz or the still 
more general one which is formally possible. But it was also 
shown that, if the velocity of these waves in a non-magnetic 
dielectric is equal to the inverse square root of the specific 
inductive capacity, the currents are necessarily complete. The ex- 
perimental evidence is strongly in favour of this relation, and in 
so far constitutes a demonstration of Maxwell's theory of electro- 
dynamic action and its mode of propagation in stationary medial 

(2) A mechanical representation of a vibrating electrical system, 
and its radiation. By J. Larmor, M.A., St John's College. 

The propagation of undulations of electric polarisation in a 
dielectric is exactly similar to the propagation of elastic waves 
in a solid medium, which must be absolutely incompressible if 
we follow Maxwell's scheme, but may transmit waves of con- 
densation as well as shearing waves if we admit the more general 
scheme developed by von Helmholtz. 

The propagation of electrical actions in a medium which is a 
conductor of ordinary type (so that the number which expresses its 
inductive capacity in C.Q.S. electromagnetic measure is very small, 
while that which expresses its specific resistance is large) follows 
the same law as the diffusion of heat in a conducting medium, 
with the proviso that the thermal diffusivity is to be proportional 
to the reciprocal of the electric conductivity. For this reason 
rapidly alternating disturbances in the medium surrounding a 
conducting mass are only transmitted skin deep into the con- 
ductor, the depth of this skin diminishing with increasing rapidity 
of the alternations and increasing conductivity, in the same manner 
as in the corresponding question of the propagation beneath 
the surface of the ground of the daily and annual alternations of 
temperature. For this reason also a sheet of conducting metal acts 
as a screen against alternating electrodynamic influence. 

In development of this elastic solid analogy it has receutly 
been explained by Sir W. Thomson ' that the ma^etic induction 
due to a steady electric current traversing a circuital channel 
in the medium is represented by twice the vorticity of the elastic 
strain when a longitudinal force of amount represented by the 
current is applied to the portion of the medium which coincides 
with this channel. 

1 See Proe. Boy. 8oe. 1891, Vol. xlix., p. 521. 
* Math, and Phyi, Papers, Vol. m. p. 451. 

14—2 
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It is also a well-known relation, and forms in many respects 
the simplest and most symmetrical mathematical specification 
of the connexions of the electric field on Maxwell's scheme, that 
the magnetic induction (abc) is represented by the vorticity of 
the electric force (PQR), and the electric force by the vorticity 
of the magnetic induction, according to the equations 

dQ dR __ da 

Tz' dy ^dt ' "" •"' 

g-| = -47r;.(ir^^+<T)p, 

In the dielectric, o- is zero, and the electric displacement {fgh) is 
proportional to the electric force according to the relation 

Thus the vorticity of the electric displacement is — -ir of the 

magnetic induction ; and the time integrals of {fgh) represent 
on Sir W. Thomson's analogy the displacements of the elastic 

medium multiplied by the factor -r- . 

Or we may, as in the following sections, take the electric dis- 
placement to represent the actual displacement of the elastic 
medium, and then the magnetic induction will be equal to the 

Stt 
time integral of its vorticity multiplied by -^ ; and the electric 

current will be equal to the time integral of the impressed 

. . 47r . . 

forcive multiplied by -^ . This forcive must on Maxwell's 

scheme be circuital, that is, circulating in ideal channels in the 
manner of the velocity system of an incompressible fluid. 

These considerations thus present a mechanical view of the 
electric propagation in dielectrics, with the exception that the 
current on the wire must be imitated by an applied forcive of 
some kind. If the media are magnetic, differences in rigidity 
or of density must be introduced between them. 

For an electrical vibrator we can however complete the me- 
chanical analogy, provided the wave-length of the undulations 
is not smaller than a few centimetres in the case when the 
vibrator is made of an ordinary conducting metal. For ex- 
perimental types of Hertzian vibrators the analogy will therefore 
be practically exact. 

To do this we have to examine the conditions as regards electric 
displacement that must be satisfied at the surface of a conductor. 
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The displacement is proportional to the electric force, which 
consists of a kinetic and a static part. The kinetic part is 

where V»(jP, 0, H) = '-^ti{u, v, w) 

because FOH is the vector potential of the current distribution ; 
it is therefore continuous everywhere as the potentials of all 
volume or surface distributions must be. The static part 

(d d d\ ^ 
d^' Ty' Tz) ' 

can only be due to a surface density e on the conducting surface; 
therefore its components along the surface must be continuous 
when we cross it, while the discontinuity in the component normal 
to the surface must be equal to 47r9. The tangential components 
of the total electric force are therefore continuous. 

Now it is known that for rapid alternations the currents are 
induced only in the skin of the conductor ; the vibrations of the 
system and its free periods are in the limit quite independent of 
the conductivity and of the nature of the interior parts of the 
conductor: they are practically the same as if the conductivity 
were infinite, and there is no sensible decay owing to any degrada- 
tion into heat. 

We require the proper boundary conditions to express these 
iSsu^ts. 

The currents in the conductors may be treated as surface 
sheets inside which the electric force is zero. 

Outside the sheet therefore the components of the electric 
force along the surface must be zero also; and therefore the 
tangential electric displacements must be zero. 

The components of the electric force normal to the surface 
will differ on the two sides of it by an amount determined by the 
surface density «. 

In the elastic solid analogy we may therefore consider the 
conductors to be cavities in the solid, provided we confer infinite 
rigidity on the skin of each cavity so that no point of it can have 
any tangential displacement. If we assume that the solid is 
incompressible, its vibrations are completely determined by these 
conditions; the component of the displacement normal to the 
Bar£EM^ must naturally adjust itself in such manner that the 
condensation remains always null. This will be the analogue of 
an electric surface density on the conductor which adjusts itself 
instantaneously to the equilibrium value corresponding to the 
actual phase of the disturbance in the dielectric, according to 
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the equation V*F=0 which of course indicates infinite velocity of 
propagation or adjustment of disturbances. 

The medium being incompressible, the total volume of all 
the cavities will remain the same. We may put this necessaiy 
property of the motion in evidence by supposing each cavity to 
be filled with incompressible fluid. The displacement of this 
fluid at the surface will then be continuous with the displace- 
ment of the solid and will represent the electric surface density. 
The inertia of the fluid must not sensibly interfere with the 
adjustment of the normal displacement ; so that if the rigidity 
of the solid is taken to be finite, the fluid must be of negligible 
density. But it is to be borne in mind that, as the fluid re- 
presents a conductor, the motion of the fluid does not represent 
electrostatic displacement except on {he surface. 

We may thus represent the circumstances of an electric vi- 
brator by the annexed diagram. 




Two condensers A, B, are represented, with their inner coatings 
connected by a conducting wire in which the spark gap required 
for the production of the initial disturbance is usually situated; 
and their outer coatings are connected by another wire which 
may be to earth. Each conducting system forms a cavity in the 
elastic dielectric, which may be considered to be filled with in- 
compressible massless liquid; in this case there are two sach 
cavities with pairs of plane faces opposed to each other. 

The disturbance may be supposed to be originated by getting 
an excess of liquid into the inner coating of the condenser A ; 
that involves pushing away the plate of dielectric between the 
two coatings of this condenser, and therefore removing an equal 
amount of liquid from the outer coating. For the parts of the 
conducting surfaces other than the opposed faces are all backed 
up by thick masses of dielectric, which will not yield sensibly as 
compared with the thin plates of dielectric which belong to the 
condensers. The greater mobility of the latter accounts both 
for the store of energy that the condenser can acquire, and for 
the equality of the charges of its two coatings. 
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When the system is disturbed the liquid will sway backwards 
and forwards between the condenser coatings in a way which 
fpyes a very real representation of the actual electric oscillation. 

The only element in this representation that is not easily 
realisable is the skin, of rigidity great compared with that of 
the solid; if however the solid were a jelly the skin would be 
naturally provided by supposing the system represented in the 
diagram to be constructed of very flexible sheet metal. 

The greater the capacity of the condensers compared with the 
section of the connecting wire the longer is the period of the 
graver vibrations ; thus illustrating the dependence of the period 
on the capacity and self-induction of the vibrator. There are 
also overtones in which the pulse of normal displacement is 
almost confined to the connecting wire, the greater mobility at 
its ends making those points approximately nodes; and their 
nodal character will be the more prominent the greater the 
capacity per unit area at the points where they are attached to 
the condensera For these overtones the half wave-length is thus 
a sub-multiple of the length of the connecting wire. 

Owing to the small surface of the connecting wire these over- 
tones would not have much chance of being communicated to the 
surrounding medium, except by reason of the general principle 
which requires that the shorter the period for given dimensions of 
the vibrator the more of the vibrational energy travels outwards 
into the medium, and that in a ratio which increases very rapidly 
with increasing frequency. In the Hertzian oscillator the con- 
densers are replaced by large metallic plates, and it seems dear 
that the waves that are the chief subject of experiment issue from 
the large surfaces afforded by these plates, and so belong to the 
lower periods of the vibrator. 

The waves of a Hertzian vibrator are therefore radiated from 
the plates of the vibrator : to obtain considerable radiation to a dis- 
tance it is essential that the dimensions of a plate should be con- 
siderable compared with the length of a wave of the radiation. 
This condition would not be fulfilled if the plates were replaced by 
condensers, for though the energy of the vibration would thereby 
be increased, its wave-length for the fundamental periods would be 
lengthened, and the radiation, therefore, very much diminished. 
Condensers would be allowable instead of plates when the disturb- 
ance is guided along conducting wires, but as a rule they would 
give only slight undulations in the dielectric at a distance from 
conductors. 

The plates are thus like two poles radiating in opposite phases : 
and the general equations given by Eirchhoff to represent this 
type of motion are those used by Hertz in his discussion of the 
general character of the radiation at a distance from the vibrator. 
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[The diflferent types of vibration that may theoretically exist 
would therefore appear to be as follows. A reciprocating flow 
may be set up between the plates, along the connecting wires ; if 
the capacities are at all considerable its period will be compara- 
tively slow, being calculable from capacity of condenser and self- 
induction of wire alone, because there will be involved very little 
disturbance in the dielectric except the static value of the dis- 
placement at each instant, and there will be no sensible amount ot 
radiation. An oscillation of the dielectric to and fro between the 
two plates may be set up, corresponding to a very small period, 
the wave-length being twice the distance between the plates in the 
case in the diagram, when the earth connexion is good ; this will not 
be sensibly anected by the presence or nature of the connecting 
wire, and it will involve rapid decay by radiation, but it will 
probably be very difficult to excite to any sensible amount. And 
there may be superficial dielectric waves running along the con- 
necting wire, of period about the same as the preceding when the 
wire is straight. 

For the linear type of vibrator consisting of two equal cylindas 
with a spark gap between them, and no capacities at the ends, 
the wave-length would be the length of the vibrator simply, «s 
from the mode of excitation its two halves would always be in 
opposite phases.] 

The nature of the approximations involved in this method of 
representation will be sufficiently put in evidence by the following 
investigation of the circumstances of the reflexion of a system of 
waves from a metallic plate. It will be found that for wave- 
lengths of a centimetre or more the reflexion of all ordinary 
metallic plates is sensibly perfect, and involves an acceleration of 
phase of half a wave-length. For smaller wave-lengths, corre- 
sponding to those of light waves, the circumstances of the reflexion 
are more complicated. 

We shall proceed on Maxwell's theory, which postulates the non- 
existence of condensational effects : no other theory can make the 
velocity of propagation of waves of transverse displacement in- 
versely proportional to the square root of the specific inductive 
capacity of the medium^ 

The first point is to assume precise definitions of the quantities 
that enter into the equations. With the usual notation 

dG dF _ ,_ 

^"dx dy' ^■"•••' ^~-' 

so that, if / denote 

dF dO dH 

dx dy dz * 

^ See Ptoc, Roy, Soe. 1891, Vol. zlxz. p. 521. 
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we have 

dx dx dy 
= — 4f'rrfiw. 
Hence defining FGH by the formula 

we annul </, since 

dw dt; dw _ ^ 
dx dy dz * 

owing to the absence of condensation. 
The components of electric force are 

where V is a fiinction whose presence is necessitated by the fact 
that the currents must be circuital ; it must enter in this form in 
order that it may produce no result on integration round a circuit, 
and it is completely determined by the conditions of any special 
problem. The fact that V must be a single-valued function so as 
to give a null result on integrating round a circuit shows that it may 
be expressed as the potential of an electrostatic distribution ; thus 
its introduction into the equations is accounted for consistently 
with ordinary electrical ideas. 

In a dielectric the total current uvw is the displacement current 
in the dielectric, so that 

In a conductor the displacement current is evanescent com- 
pared with the current conducted according to Ohm's law, so that 

where o- is the specific resistance of the medium. 
Also, by definition above, 

Thus in a dielectric the equations of propagation of the vector 
FOH are of the type 

1 V«J^ = ^^+^^ 



fiK df dxdV 
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in a conductor, they are of the type 



4rn'fJi> dt dx ' 

In the former case we derive at once 

which merely expresses the fact that there can be no accumulation 
of volume density in the dielectric, on account of the assumed non- 
condensational character of the phenomena 
In the latter case also 

VF=0. 

Thus, when the dielectric has no initial charge, the charge ii 
throughout confined to the interfaces separating media of different 
quality, such as the surfaces of conductors. 

It will form a sufficiently general case for our purpose if we 
consider the reflexion of a train of plane polarised waves at a plane 
metallic surface. The axis of z may be taken normal to the sur- 
face and the axis of x along it in train with the waves. If the 
vibration of the vector potential is in the plane of incidence, we 
have 

dF . dH r. r^ ^ 

so that the variables are reduced to dependence on a single 
function ^ by the substitution 

F=^ H ^ 

dz ' dx 

The important case is when everything is periodic, and 00 
involves the factor exp (— ipt). We have then 

ip dx ip dz 

and ;^ is determined by the equations 

yi,K^ ^ de 



in the dielectric, and 






4t'rrfi^ ^ dt 
in the conductor. 
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At the inter&ce i^ is continuous, so that -^ is continuous; 

and H is continuous, so that 

dy 1 dV , 

— -^ -J- IS continuous ; 

dx ip dz 

these follow from the definition of F, 0, H €ls the potentials of 
volume distributions. 

Further, the component magnetic induction along the normal 
must be continuous across the interface, which being zero it is ; 
and the magnetic force along the interface must be continuous, 

80 that - ( J J— I is continuous across the suTSsce, that is 

fjk \dz ax / 

— ^^X is continuous, 
or by the equations for Xi 

* df cr, dt 
or finally, for this special case of harmonic waves 

Let 

Xi = -4j exp l(Ix'- n^z —pt) + B^ exp i (Ix + n^z —pt), 

X^^A^expi{lx-njs-pt\ 

A jB, thus representing the coefficients of the incident and 
reflected waves, and A^ that of the surface- wave in the conductor 
for which n^ must in the result be complex. 

The value of I must be the same for all these waves, as 
their traces on the surface must move along it with the same 
velocity. 

The differential equations satisfied by y^ give 






(Z« + n^ = ip. 



The first of these gives the velocity of the dielectric wave 

to be (jaK^'^, as it ought to be. The second gives the pene- 
tration ot the surface- wave into the conductor by the equation 
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If % denote the angle of incidence of the waves, \ their length, 
and t; their velocity, we must have 

In + n,2: — 2)^ = — {x sin i + « cos % — vt). 



Thus 



I* sin % 27r sin t ' 



where u = (ji^K^ * is of the order 3.10** C.G.S., and for light waves 
X is of the Older 10"*, and for copper a- is about 1600. 
Hence for all realisable wave-lengths, long or short, 



_ / 47r/i,p y 1 - i 



=,(!-)• a-,. 



which for light waves is of the order 10*, and is very large for 
all realisable waves, unless for media of slight conductivity com- 
pared with metals. The amplitude of the surface wave in the 
conductor is reduced in the ratio 6"' at a depth n^^ ; this wave 
is therefore absolutely superficial, and is fully developed even 
in a very thin sheet of metal. 
The surface conditions give 

Jr 

of which the first and third equations determine the amplitudes 
of the waves produced by the reflexion of -4^, and the secoDii 
determines the surface density 

of the superficial electric charge. 

Hence f-« + — „ i) ^. = 2^, , 



n^ 4e7r 



1.6. 



\nj \p(T^KJ 



and ft =^ ^^ 
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The relative magnitudes of the two terms in the numerator 
of J., have to be estimated ; the terms to be compared are of the 
orders 

— ] , and rJT or — , 

that is 10*X.* and lO'X, roughly. 

For light waves, X is of the order 10"*, so that neither of these 
terms can be neglected compared with the other; and the com- 
pletion of the solution will correspond to the somewhat com- 
plicated circumstances of the metallic reflexion of light. 

But for waves comparable to a centimetre in length, or longer, 
the second term is negligible ; and then 

and JSj = — -4j . 

The wave is therefore reflected clean but with opposite phase. 
And the value of n^ given above shews that the longer the waves 
the slighter is their penetration into the conductor ; so that even 
for a curved surface like that of a wire this solution has an 
application. 

The meaning of this approximation is that the first surface 
condition, in the form it assumes when n, is very great, supplies 
&I1 the necessary data for the motion in the dielectric. That 
surface condition is equivalent to the statement that F is zero 
in the dielectric along the surface, and therefore so is the tan- 
gential displacement. 

Thus the tangential surface conditions suffice in this case to 
give a full account of the dielectric phenomena, the normal con- 
ditions being simply left to take care of themselves. 

The function v by which the adjustment is made in the 
conductor to obtain the normal displacement at the surface which 
shall satisfy the condition of zero condensation is derived from 
the characteristic equation V^F=0, the same equation as that 
for the pressure in a homogeneous massless fluid ; it of course 
indicates instantaneous adjustment to an equilibrium value 
throughout the volume, 

(3) On the Theory of Discontinuous Fluid Motions in two 
dimensions. By A. E. H. Love, M.A., St John's College. 

This paper contains an exposition of a modification of Mr 
Michell's method published in Phil Trans. R /S., A. 1890. The 
motion of the fluid is supposed to take place in the plane of a 
complex variable z, and to be given by means of a velocity-potential 
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^ and a stream-function '^^ so that ^ + i'^ or tc; is a function of 2. 
The object of the theory is to show how in any given problem the 
functional relation between w and z can be discovered. For this 
purpose we consider two functions f and fi such that 

f = dzjdw and ft = log f, 

and it is well known that A is a complex quantity, whose real part 
is the logarithm of the reciprocal of the velocity of the fluid at tlie 
point z, and whose imaginary part is the angle which the directioD 
of this velocity makes with the real axis in the z plane. In 
the kind of problems to which the method is applicable the region 
of the z plane within which the motion takes place is bounded 
partly by fixed straight lines and partly by free 8tream-liDe& 
Along the fixed boundaries the direction of the velocity is given so 
that the corresponding parts of the boundary in the €i plane are 
lines parallel to the real axis. Along the free stream-lines the 
velocity is a given constant, so that the corresponding parts of the 
boundary in the A plane are parts of a straight line parallel to the 
imaginary axis. Hence the boundary in the fl plane is a polygon 
which we know how to draw. In like manner the boundary in the 
w plane, consisting of parts of straight lines parallel to the real 
axis (-^ = const.,) is a polygon which we know how to draw. If now 
we take an auxiliaiy complex variable u the polygons in the 
and w planes can be conformably represented on the half-plane for 
which the imaginary part of i* is positive. The required trans- 
formations are given by the theory of Schwarz and Christoffel, and 
we are thus in a position to write down two relations 

dw ... 
(Ml -, . 

from which ^ = Cf{u) J-^« <~) ^«. 

The roots and poles of the function /, (u) are values arbitrarily 
assumed to correspond to the comers of the polygon in the w 
plane, and the roots, poles and critical points of the function /,(») 
are in like manner values arbitrarily assumed to correspond to the 
comers of the polygon in the ft plane. Of these values three may 
be arbitrarily fixed, then the rest can be determined. The dete^ 
mination is made by integrating the equation connecting z and «. 
If the limits of integration correspond to two critical points of the 
function fi which lie on the part of the u line that corresponds to 
a fixed boundary we shall obtain an expression in terms of our 
assumed arbitrary constants for one of the dimensions of Uie fixed 
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x>iindai7. In this way there will arise sufficient relations to 
letermine all the arbitrary constants. If we integrate the equation 
x>nnecting z and u for values of u that correspond to a free stream- 
line we shall find for z a complex expression, so that the co- 
>rdinates x and y of any point on the free stream-line will be 
given functions of a real parameter u, 

Mr Michell's theory rests on the properties of the function 
which is the real part of CI. He shows how to determine this 
(unction in terms of u by considering an analogous electrical 
problem. When it is known he deduces from it the differential 
relation between z and u that would be found by the method of 
this paper. 

After explaining the method I give solutions of the following 
problems : 

(i) Mr Michell's problem of the escape of a jet from a tank. 

(ii) The flow of liquid against a disc with an elevated rim. 

(iii) The impact of a jet against a'finite lamina. 

(iv) The resistance offered by a plane obstacle placed in a 
canal of finite width. 

(v) The flow of liquid past a pier projecting obliquely. 

1. The theory of discontinuous fluid motions in two dimensions, 
as at present developed, rests essentially on two particular pro- 
positions to which we proceed. 

Pbop. L The motion being supposed to take place in the 
plane of the complex variable z, and to be given by means of a 
velocity-potential ^ or a stream-function ^y^, so that 

w = ^ + A^ =/ (ip + ly) =f{z\ 

the quantity dzjdw, which we call (f, is a complex variable whose 
modulus is the reciprocal of the velocity, and whose argument is 
the direction of the velocity of the fluid at the point z ; and the 
quantity log f, which we call fl, is a complex variable whose 
real part is the logarithm of the reciprocal of the velocity and 
imaginary part is V("" 1) niultiplied by the angle the direction of 
the velocity makes with the real axis in the z plane. 

To prove this observe that if w, v be the velocities at any point 
parallel to x, y, then 

dw ^dw _^d4> 3^ _ 

dz dx dx dx * 

and n = logr=log^,^ = logi + ,^ (A), 

where is sach that cos = u/q and sin ^ = v/q. 
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Prop. II. It is possible to find a transformation by means of 
a relation between two complex variables Z and Z' by which aiij 
given polygon in the Z' plane can be transformed into the real 
axis in the Z plane, and points within the polygon in the Z* plane 
correspond singly to points in the Z plane whose imaginary part is 
positive. 

This transformation and the conformable representation of the 
polygon upon the half-plane, which it involves, have been in- 
vestigated by Schwarz and Christoffel, and it can be shown that 
the relation between Z and Z' is given by the equation 

=: ^n (Z- X,)"^/'"^ (B), 



dZ 



where ^4 is a constant and X^ is the point on the real axis in Ae 
Z plane which corresponds to the internal angle a^ of the polygon 
in the Z' plane. 

To verify this observe, 

(i) That dZ'jdZ is never zero or infinite except at points on 
the real axis in the Z plane : 

(ii) That if ^ be real, and lie between two consecutive zeros or 
infinities of the function dZ'/dZ, say X^ and X^+j, the argument of 
dZ'jdZ or dZ'jdX remains the same for all the values of X, so that 
the argument of dZ' remains the same, and all the points Z' which 
correspond to points on the real axis between X^ and X^^, lie in 
one straight line in the Z' plane. 

By combining (i) and (ii) it appears that the points on one side 
of the real axis in the Z plane correspond to points within a 
polygon in the Z' plane, and the points X^, X,, ... correspond to 
the corners. 

We must further observe (iii) that if Z be very near to JT, all 
the other factors on the right of (B) may be considered constant 

except (Z—X^/^'^" , so that in the neighbourhood of X, the 
change of the argument of dZ^jdZ is the same as that of this 
factor — and, in passing through X^ in the positive direction, this 
change is an increase by tt — a,., which is the same as the increase 
of argument of dZ^ in going round a corner of the polygon where 
the internal angle is a,.. 

We note that it is in general possible in a given problem to 
choose arbitrarily three of the points X^, X^, ... and then the rest 
will be determined. 

2. The problems to which the theory is applicable are such 
as are concerned with the motion of fluid in space bounded 
partly by fixed plane rigid walls and partly by one or more 
free stream-lines along which the velocity is constants These 
include the escape of a jet from a polygonal vessel, flow into 
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or out of straight tubes, flow past oue or more plane laminas 
fixed in a finite stream whose boundaries are either free or 
fixed, or in an infinite stream. In all such cases there is a 
certain number of bounding stream-lines so that, with the no- 
tation of Prop. I., there will be a certain region in the js plane 
within which the motion takes place, bounded partly by given 
fixed straight lines and partly by unknown free stream-lines, 
and a certain corresponding region in the w plane bounded by 
parts of straight lines '^s const. If the motion and the form 
of the free stream-lines were known we should know the relation 
between w and z which effects a conformable representation of 
the region in the w plane upon the region in the z plane in 
which the motion takes place. Conversely if this relation can 
be found we shall know the motion and the form of the free 
stream-lines. 

This relation can be found indirectly by the aid of the 
function ft introduced in Prop. I. Along a plane rigid wall 
the direction of the velocity is given, and along a free stream- 
line the velocity is constant. Hence along a plane rigid wall 
the imaginary part of ft is a given constant, and along the free 
stream-lines the real part of ft is a given constant. There will 
exist a relation between ft and z by which could be effected 
a conformable representation of a certain region in the ft plane 
upon the region of the z plane within which the motion takes 
place. The region in the ft plane is bounded by parts of straight 
lines parallel to the axis of ft real, corresponding to the plane 
rigid walls, and parts of a straight line parallel to the axis of 
ft imaginary, corresponding to the free stream* lines. The 
velocity vanishes at angles of the rigid boundary in the z plane, 
and at points where stream-lines divide ; the corresponding points 
of the ft plane lie at oo in the direction of ft real, so that the 
general form of the boundary in the ft plane is as in the figure, 



I 



00 



00 



I 



00 



where the thick lines correspond to rigid walls and the thin 
lines to free stream-lines, and there are as many thick lines as 
there are definite prescribed directions of motion. The inter- 
sections of thick and thin lines correspond to points where a 
free stream-line starts out from a rigid boundary. 

VOL. VII. FT. IV. 15 
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The relation between A and z by which the representa- 
tion of the A region upon the z region could be effected is 
unknown until the problem is solved, but, by applications of 
Schwarz's transformation given in Prop, il., the il region and 
the w region can each be represented upon the same half-plane 
in the plane of a new variable (u). In this way we can transfonn 
the n region into the w region and hence arises a relation 
il=i/(w) or log (d2Jdw)=/{w). This is a differential equation 
defining 2r as a function of w, and when it is solved we shall 
ktiow the region of z which is represented upon the region of 
w. Part of the boundary of this z region is prescribed and will 
inevitably agree with that obtained by solution of the differential 
equation, the determination of the other part will give the form 
of the free stream-lines. 

It is in general most convenient to take the constant velodty 
along the free stream-lines to be unity so that the corresponding 
value of the real part of Q, is zero, and to change the method 
of procedure sketched above by eliminating w and finding a 
differential equation between z and u. The region of the z pkne 
within which the motion takes place will be that which by this 
relation is conformably represented upon the half-plane u. 

In fact we have a given polygonal boundary (formed of parts 
of parallel lines) in the w plane, and this can be transformed 
into the real axis in the u plane by a relation of the form 

dw ... 

And we have a given polygonal boundary in the A plane, and 
this can be transformed into the real axis in the u plane by a 
relation of the same form, say 

da .. , 

where the roots, poles and critical points of f^(u) are points 
u = a, ... assumed to correspond to the comers of the polygon in 
the H plane. Integrating this equation we obtain 

dz _^ fMu)du 

where is a constant of integration. Hence we have the dif- 
ferential equation 

If we integrate this for the parts of the line u real that lid 
between the critical points of the function il, we shall find ex- 
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piessioDS for the lengths of the straight boundaries, which will 
determine the unknown constants a, and we shall find for z a 
complex expression when u has values corresponding to points 
on a free stream-line; i,e, the coordinates x and y of a point 
on a free stream-line are expressed as functions of a real para- 
meter u. 

All the problems solved in the first part of Mr Michell's paper 
can be treated in the manner here explained. I propose now 
to consider his first problem — that of the escape of a jet from a 
vessel^ and then to give solutions applicable to other cases. 

3. Problem (i). Escape of a jet from a vessel. 

Suppose we have a polygonal vessel of such shape that the 
fluid coming from oo must move parallel to the negative direction 
of the axis of y in the z plane, and the jet is formed by fluid 
escaping from a side parallel to the axis of x. 




The boundary in the z plane will be as above, and as we are 
.;oing to transform this boundary into a straight line u real in 
he plane of a new variable t^ it is convenient to denote points 
«i the boundary by the values of u at the corresponding points. 
ffe shall assume then that the points u = l, u = — 1 correspond 
the edges of the hole, and u^ao to the point at oo in the 
plane in the direction of the jet, and we shall take u = c, 
1^, a^, ... unknown constants for the points corresponding to the 
oint at 00 in the z plane from which the fluid comes and the 
omen of the polygonal boundary. 

The boundary in the w plane consists of two infinite straight 

jies corresponding to the bounding stream-lines. If these be 

iken to be -^ = 0, -^ = tt, and the velocity along the free stream- 

^iies be taken as unity, the ultimate breadth of the jet will be tt. 

15—2 
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The point w = o will correspond to ^ = — 00, and w = oo to ^ = x. 
The figure in the w plane is 

-1 



w ac 

T 



where the lower line is the axis of real quantities ^^ = 0, and 
the upper is -^ = tt. The strip between these lines can be con- 
formably represented upon a half-plane u by means of the trans- 
formation 

dw 1 



du u —c 
and the boundary in the u plane is 



.(1), 



-OD -1 



u 

I \ 



4. To find the boundary in the D, plane. 

Let a^ be the value of u that corresponds to any angle a^ 
of the polygon. The stream-line -^ = has for initial direction 
5 = — ^TT. At the first angle a^ the velocity vanishes, at qo it 
has a definite value. Thus log q"^ increases from a certain value 
to +00 as u moves from c to a^ and remains constant and 
equal to — ^tt, and the corresponding part of the boundary in 
the XI plane is therefore a straight line d^ — ^ir from a certain 
point for which the real part of II is positive to 00 . 

As u increases from a, to a,, log 9'^ diminishes from ao to 
a certain minimum and then increases to 00 , remains positive 
and equal to — ^tt + (tt — a^). Thus we have the two sides of 
a second line starting from an unknown point (say u = c J and 
running to x in the A plane in the direction of XI real. 

We shall obtain a line in the same way for each side of tbe 
vessel until we come to the side that contains the hole. On 
this line d = 0, and log q~^ diminishes from 00 to zero, its value 
at the edge of the hole where the velocity is unity. 

The next part of the boundary consists of the line logg^^sO 
drawn from the origin downwards (because 6 becomes negative 
on the jet), to some value corresponding to w = ao . This corre- 
sponds to the free part of the stream -line '^ = 0. Passing throuefa 
this point the line can be continued downwards to = — ^r the 
value at the other edge of the hole corresponding to u=:— 1, 
this part of the line corresponds to the free part of the stream- 
line -^ = TT. 

Proceeding from this point we have to trace the line 0=^ — w 
to 00 , then both sides of tbe other lines = const, corresponding 
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the further sides of the vessel, and iSnally the underside of 
he line ^ = — ^tt from oo to the point corresponding to t^ = c. 
Hence the boundary is 

1 ^=0 



O 00 



g=i-iT + (T-ai) 



^=-hir Or 



-1 



9 



e=-r 



where the point marked 1 is the origin in the II plane and all 
points are marked by the corresponding values of u, and the 
ligure is traced continuously by starting from any point, say c, 
joing from c to a^ from a, to c^, from c, to a^, and so on, keeping 
the region marked out on the left. 

5. The ft region can be conformably represented on the half- 
plane u by means of the relation 

dft __ , ^*^c_ (^-c^) (u-c^),,. 

du VV-1) (i^-a,)(M-.a^... ^^^* 

where the number of the letters a,, a,, ... exceeds that of the 
letters c,, c,, ... by two, and 4 is a constant which can be de- 
termined ; for the angles at 1 and — 1 in the ft plane are each 
l^r, the angles at a^ a,, ... are each 0, and the angles at c, c,,... 
are each 27r. 

Now the function 

{u — c) {u — c,) (^ — c,) . . . 

(u — Oj) (ii — a,) ... 

can be put into partial fractions in the form 

^- +^-- H- ... 



u — a^ u — a^ 



where A^, A^,,,. depend only on the c's and a's, and thus we 
may write (2) in the form 

f=-Ait\^ ^--_, -J^^ (3). 

du n l(u - a J V(l - w*) J 

Guid the integral of this is 

w, 

where jB is a constant which can be determined. 
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Remembering that O ~ log {dz/dw) and using (1) we find 
dz^_B_ jj m -a,u) + V(l-a.«) V(l-tt') -|-^'-^-/>^<^-°-'> 

du U — C n L ^~^i« J 

(5). 

To determine the constants observe first that in passing the 
point a^ the argument of u increases by tt — o^, so that the indej 
— Ai.AJiJil — a^) must be l — ajir and the sum of these 
indices is unity. Also i{ u = l each factor in the product = 1 
and il = log B is zero so that jB = 1. 



(6). 



The differential equation for z thus becomes 

^ = _L_n [" (I - ««") + V(i - O V(i - "')1 ^ " '^' . . 

du U — C n [_ ^"(^n J 

as in Mr Mich ell's paper, p. 401. 

We have also a series of relations of the form 

I a^^ -Ai.A^ ^ Ai (a^ - c)(a^ - c^){a^ ~ Q   » 
IT V(l-a.*) V(l-0 (a^-aJK-a.)- 

(7). 

There are as many of these as there are a's, that is, as many 
as the number of the c's + 1 and these would suffice to determine 
the c's and A in terms of the a's. 

In the particular problem worked out in detail by Mr Mich ell, 
viz. that of two rectangular corners a and 6 for which 

l>6>c>a>-l, 
the above relations become 

Ai 6 — c _ Ai a — c __ 1 

" J(l - 6") b^ ■" " V(l - a') 0^6"" 2' 

giving a relation 



a — c c — 6 



V(l-a') V(l-6*)' 
which determines c in terms of a and b, viz. 



(8). 



^ a 7(l-t') + 6V(l-a') 

V'(l-a')+V(l-6') ^^^- 
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This relation must hold among the constants of Mr Michell's 
problem. In his paper c is only determined in the case of 
symmetry for which it is obviously zero. 

I do not propose to proceed further with this problem at 
present. (See Art. 13 below.) 

6. Problem (ii). Liquid flawing against a disc vnih an elevated 
Tvnt. 

Suppose that in an infinite mass of fluid moving from infinity 
in the negative direction of the axis of y there is a vessel bounded 
by three sides of a rectangle the missing side being parallel to 
the axis of w. The fluid will enter the vessel — one stream-line 
will divide at the middle point of the base, and there will be two 
free stream-lines starting out from the edges of the vessel, behind 
which there will be dead water. 




/ 

/ 



/ 

OD 




The boundary in the z plane will be aa in the figure, and we 
shall suppose the points t^ = + 1 to correspond to the edges of 
the vessel, w = ± a to the corners of the vessel, and i^ = to the 
point where the stream-line divides. 

The boundary in the w plane will consist of the two sides of 
the line -^ = from the origin to -h oo , thus 



-1 



This can be transformed into the real axis in the u plane by 
taking 

dw 1 



d« = 2« <1<^>' 



and then the u boundary is 



-1 -a a 1 00 
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The II boundary is 



'=1 



^=0 



-1 



0=-v 



-c 



-? 



-a 



where c and — c are the values of u at the points in the base of 
the vessel where the velocity is a maximum. 

7. This ft region can be conformably represented upon the 
half-plane u by means of the relation 



t^"-c" 



du 'i/{u* — l).u{u* — a') 



.(in 



Writing this iu partial fractions 

dCl -Ai r^l ,a*-c 



u — a 2a* w + aj ' 



and integrating we have 
1 - a» + V(l - g') V (l - «•) 1 + an + V(l -a«) V(l -m*) -]!^!!^! 



[ 



ti — a 



w + a 



so that 

dz 
du 



ri-au+V (l-a«)V(l-«') l + au+V(l-a')V(l-tt') ia^gfe^ 

(12> 

Now as in the preceding, since the corners of the t polygon 
that correspond to 1 and — 1 are right angles 

2aV(l -a*) 2 ' 
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and since the z boundary hais do singularity at i^ — 

Ai(f 
a' - ' 

a* — c' a* 

whence — -z — = V(1 — o^*) or 0* = ^-- — jtz 57 (13). 

(T • 1 + v(l — a ) ^ 

Also XI = + i ^ when w = 1 so that B = i, and the relation be- 
tween z and 1^ is 

£=i{i+v(i-««)i 

r i-au + V(l-o')V(l-u') l + az^ + V(l-a')V(l-^') 1* 
L u — a w + a J 

Now remembering the identity, 

V(l+a)V(l+t.)+V(l- a)V(l^i.) , 
,2 = [1 + at* + V(l - a") \/(l - ^ )r> 

we have 

dit 2^^^^^^ ""^i v(«^--a^) ^^^^• 

This corresponds to the case of liquid flowing directly against 
a disc with an elevated rim, the rim being the line in the z plane 
that joins the points corresponding to t* = a and u = l. Observe 
by way of verification that if we make a = 1 there will be no rim 
and we get the right transformation for fluid flowing against a 
plane disc, viz.: 

^ = i[l+V(l-«')] (15). 

8. Suppose now that a is very nearly 1 and take 

l-a' = )fc", a«=l-A;» = r (16), 

where k is small Then equation (14) may be written 

d£ _ i rv/(l^-«') f 1 . /n g'V , V a-«') , !-«' 1 
du~2 Lv(m' - o') ^^ "^ '^''^ " ^' "^ V(«' - a') "^ V(m' - a')J ' 

and the height of the rim is 

'•'•LV("— ») v(^ — o) v(« -»)J 

(17). 
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putting ti = asec <f>f the latter integral becomes 
roo8-ia (1 - a* 8ec'<^ ) a sec ^ tan ^d<^ _ Ceos-^a ( 1 -a'sec'<^)(^ 
Jo a V(l — ct*sec'^)tan</i ~Jo \/(l — a* — sin*^)' 

putting sin <f> = V(l — c^') sin -^ = A; sin yjr, we have 



/, 



* A;* cos*-^ d-^ 
[l-ik^sin'i^]*' 



or k*-r in the limit when k is small. 

= A; in the limit 
and I -;.-5 — ~ dw = I (1 — a* sec'^) sec ^d^ 

= J sec 4>d<f> - 1 j[8ec <^ tan i^],*^ " + j sec ^(J^ 



1+P 



'^s^x/t^J-^ 



2 

= as far as A*. 
Thus neglecting if the height of the rim is 

To find the breadth of the disc we must write (14) in the form 

and integrate from m = to t^ = a and double the result. We may 
reject k altogether, and thus find the breadth 

a + ^ [sin"* a + a V(l — a*)]. 

or in the limit when a is very nearly 1 we may take the breadth 
equal to 

^ (18^ 

thus the ratio height of rim to breadth of disc = JA:* = e say. 
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When tt> 1, we must write (14) in the form 

^ = i [1 - »• VK - 1)] ^--\^^^ 

du 2'- ^^ ^■' V(^" - 1 + At") 

2 *• '' V(m' - 1+ *•) 2 y(u'- 1 + k*) V(w' - 1+ ^)J  
For the imaginary part of e taking cosh = u/k' we have 

I r^ ~ It ^^ "^ "°^ ^ *'**^ ^^ ~ 41 ■•■ ^°^^' 

or writing z = x+ cy 

y = ^ \{l + k)e-^-^(e + ainh0coahff)\ +con8t. 

The greatest value is given at once by -p = 0, so that 

u*-l=k, 

k + 1 1 



C08h'^ = j_^-j_^,. 

giving sinh ^ = V* (1 + i^)> 

e = VA?(l + i*). 
The value corresponding to i^ = 1 is given by 

cosh*d== — r«, 
1 "fr 

giving sinh = k(l-{- JA"), 

5=:A;(1 + JA;'). 

Hence the height above the rim through which the free stream- 
line rises before turning back is 

i(l + *)V*(l + i*)-iV*[(l + P) + (i+i*^)(i + *)] 

and this is ultimately 

rejecting higher powers of k. 

Hence if € be the ratio height of rim to breadth of disc the 
greatest height above the rim to which the free stream-line rises 
before turning back is 

A (2€)* of the breadth (19), 

or about J c* of the breadth, 
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e.g. if the rim be ^th of the breadth the stream-line rises tbrough 
about ^th of the breadth. Except quite close to the disc 
where w* — 1 is small we may reject k altogether, and the form of 
the free stream-line at a distance from the disc is the same as if 
there were no rim. 

To find the pressure on the disc we have to find 
which is 



ra r |4« n _ |^« — Jc^\ 

^'^ Jo f~[l + V(l-«')]'[* + V(l -«')]'] 



^T^j— j^i-^^ [1+ V(l - « )] d«^ 

/•""-'« (1 + COS 5)* (fc + COS ^)' - sin* ^ COS* ^ ,, . ^. ,. 
""' *^J„ (l + cosg)()i:-t.cosg) '^' ^J«^°«**' 

= hp [(1 + cos 0){k + cos <?)- (1- cos d)cos ^(1 - ifcsec ff)]d$ 



Jo 




8in~^a 



(2 COS* -h 2k) dd 



= ^p [sin"* a -ha V(l — a') + 2k sin"* a] 



= f> 



-7 + t; + -^ to the first order in k. 



4 2' 2 
The breadth of the disc, rejecting A^, is 

a + i [sin"^ a + a V(l — a*)] + A? [a + sin"^ a], 

or 1 + r + 5 + ^+ 9 ^ to the first order in k. 

Thus the mean pressure, when the velocity on the free stream- 
lines is F, is 






TTO 

or 



7» 



4-f TT 



[>^--t^^'H-« 



Comparing this with the case where there is no rim we see that 
the mean pressure is increased by about ^^e of itself, € being the 
ratio height of rim to breadth of disc. 
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9. Problem (iii). Oblique impact of a jet upon a finite lamina. 

This problem includes Mr Michell's of the impact of a jet 
against an infinite plane, and also the problem of the impact of an 
infinite stream against a finite lamina worked out by Kirchhoff 
and Lord Rayleigh. 

The ^-region is bounded by two free stream-lines, by the lamina, 
and by the continuations of the stream-line that divides on the 
lamina. 




We shall suppose that w = ± 1 correspond to the ends of the 
lamina, and t^ = a to the point where the stream-line divides, u==6 
and u = c to the points to which the two streams go. 

The w-region will be bounded by the two infinite lines y^ = 
and '^ = TT say, making the breadth of the original jet tt, and by 
the two sides of a line '^ = fi say, where tt > )8 > ; thus 



-1 



w 



and this region can be conformably represented upon the half- 
plane u by means of the relation 

dw u — a .Q- V 

\^^h 



du 



and then 



(u — 6) (w — c) 

, a — 6 
Y = r"^ 
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will be the stream-line that divides, and the boundary in the 
u plane is 



-1 



T 



The boundary in the O plane is easily seen to be 
1 ^=0 



a 



OD 



e=-v 



-1 



This O-region can be conformably represented upon the half-plane 
u by means of the relation 



dil^^ 1 1 

du V(w' — 1) w — a' 



.(21). 



whence 



n=iogr- 



-ati+V(l-a")\/(l- 



!?!)] 



Ai 



s/{l-a^ 



dz 

so that J- = — 
du 



u — a 
l-aw-hV(l-a*)\/(l-w") 



in which the index — 



(u — 6) (u — c) 
Ai 



.(22), 



^ has been determined to be unity by 



V(l-a') 

considering that there is no singularity in the z boundary at the 
point corresponding to m = a. 

10. We may now suppose that the lamina is part of the axis 
of X, If we take u to lie between — 1 and 1 and integrate (22) 
between these limits we shall get an expression for the breadth of 

the lamina. 

Writing the equation (22) in the form 

dz gfc-l 1 ac-1 1 

dii"" c — 6w — 6 c— 6 c — u 

c'-l 



v(i^a') v(i-a')r y-1 , ^ 

V(l-i**) c-6 \Su-h) V(l - u^) {c-u) 



V(i-t*')J 
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we find for the breadth of the lamina 
oc — 1, c — 1 a6 — 1, 1 — 6 



c— 6 ^c+1 c— 6 °— 1— 6 

+ V(i - a*) ^ - VO::^ ^^(j, _ j^ ^ ^^^, _ ;^ j-| ^ ^23). 

When w is > 1 we must write (22) in the form 

da _ a^ >l^-^V(l-a')^/(^'-l) 

du (u-6)(t^-c) ^ ^' 

where a = cos a and V(l — ^*) = si^ *> « being the angle the im- 
pinging jet makes with the lamina. The sign of the imaginary 
term is determined by considering that when i^ = oo the argument 
of c2^ is OL 

When u lies between 1 and c we have 

dz ^ oft - 1 1 ac-1 1 . V(l - g') 
dw c — bu — b c — bc — u »J{u^ — 1) 

_. V( l - g') p'-i c'-n 

and the argument of dz in the neighbourhood of u = c is the same 
as that of 

gc — 1 . V(l — a*) 



c-b V(c"-l)(c-6)' 
or of - (oc - 1 ) - i V( 1 - a*)/ V(c' - 1 ). 

Thus the ultimate direction of this part of the stream is 0, where 

iJ cos ^ = 1 — gc, 

i2 sin 5 = - V(l - a'VVCc* - 1), 
giving JK = c — g, 

and tan^^ n ^^\""/? i x (25). 

(1— gc)v(c— 1) 

In like manner the ultimate direction of the other part may be 
determined. 

11. The form of the free stream-line from 1 to c would be 
found by integrating (24). I shall suppose w = + 1 to correspond 
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to £r = 0, and then the co-ordinates of a point on the free stream- 
line are 

oc — 1, c — u oft — 1, tt — 6 

, = V(l-a0coBh-'«-^^[7(6^)sinh-'P'r.i)yp 

+ V(c«-l)8inh-'^^(^l^lM!fLll) 

in which u is a real parameter lying between 1 and c. 

To find the fr^e stream-lines that bound the jet, we have to 
integrate (24) up to values of u lying beyond ti = c. We choose 
the path of integration to start from u = \ and proceed along tf 
real very nearly to i^ = c, then over a little semicircle whose centre 
is u = c and then again along u real ; we thus find 



a6 — 1, 16 — 6.ac-l, u — c 

c-1 



^=-736-^^»r=T + 7:r6-^"8 



-V(c'-l)sinh-{^(^'-;^),^f-^>^ 

where the last line is the part contributed to the integral by the 
small semicircle. Hence on this stream-line 

oc — 1, u—c aft — 1, w — 6 TT \/(l — fit*) V(c* — 1) 

x^ i- log r^ r Aog^i — 1 + ^ zT^ 

c — b ®c-l c-6 ®l-6 c-6 

y=v(i-.-)o.A-..-^afp[v(y-i).i.i.-j ^<^'-^>_f-' " 

This stream-line will have an asvmptote x = ycoia + x^whkh'rB 
to be determined by making u infinite and 

a = cos a, V(l — G^') = sin a. 



(fl 
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When u is very great, we can expand x and y in the forms 

a?= aloffw + -4oH — * + ... 

y = V(l-a»)logM + £.+ -' + ... 
and, to find the asymptote, we must find A^ and B^, We get 

alogw+r-£^log(l--6)-^^£^log(c-l) 



ar = 



. TT V(l - g') V(c« - 1) 1 ^ , ^^ . 1 

H S + tenns in - , 

c — 6 u 



y = V(l - a') log « + [V(l - «•) log 2 

- ^^^^£^^ {V(6" - 1) C0sh-^(- b) - V(C' - 1) COsh-^c} - TT ^/] 



. 1 

+ terms m - , 
u 

so that 



a6-l, .- ,. oc-l, . -. 7r\/(l-^0V(c'-l) 



a 



- a log 2 - ^ {^(6* - 1) cosh"' (- 6) - V(c' - 1) cosh-'c} 

C ^ 

+ 7(13^736 (28), 

and x^ — ^TT cosec a is the distance to the right of the right-hand 
end of the lamina of the point where the initial middle line of 
the jet strikes the plane of the lamina. This is the point marked 
P in the z figure. 

There are now sufficient relations to determine the unknown 
constants a, b, c. A jet of given breadth coming from x in a 
given direction strikes the lamina obliquely in such a way that 
the middle line of the jet passes through a certain point in the 
lamina. We choose the unit of length so that the given breadth 
of the jet may be -tt. Then the constant a is determined by 
making a = cos a, \/(l — a*) = sin a, where a is the angle between 
the direction of the impinging jet and the lamina ; and there are 
two relations to determine the constants b and c, viz., equation 
(23) gives the breadth of the lamina in terms of b and c, and 
equation (28) enables us to identify a point P whose distance from 
the right of (1) is given with a point whose distance from the 
right of (1) is a given function of 6 and c. 

VOL. VII. PT. IV. 16 
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The particular cases investigated by Kirchhoff and Lord Bay- 
leigh include all that have any practical interest at all comparable 
with the analytical difficulties. 

12. Problem (iv). Plane obstacle situated in canal of finite 
width. 

A stream flowing between two flxed parallel planes impinges 
upon a lamina fixed across the stream at a given angle a. 

The ^-region is bounded by the two fixed planes, the lamina, 
and the continuations beyond its edges of the stream-lines that 




divide upon the lamina. We shall suppose the point at oo from 
which the stream comes to correspond to w = oo ; the points to 
which its two parts go, to u = b, c\ the point where the stream- 
line divides, to w = a ; and the edges of the lamina to « = + 1. 
Then we must have 

c>l>a>-l>6. 

The w and u regions will be precisely the same as in the 
last problem, and the relation between them will be 

dw u — a 

_!z: = -» - - ,,, (29) 

du (w— 6)(u — c) ^ 

The il boundary is easily seen to be 
1 $-0 



ft 



0^-a 



3® 



-1 



^=-T 
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where the point marked oo corresponds to the point from which 
the stream comes and the point marked 1 is the origin in the 
n plane. 

Now this polygon has right angles at 1, — 1, c, b, an angle 
at a and an angle 27r at oo and it can be conformably represented 
upon the half-plane u by means of the relation 

dil A 
dii^^{(u*-l)(u--b)(u--c)}(u-a) ^^^^' 

In the general case the integration will require elliptic 
functions and I do not propose to proceed with it. 

13. In the case of symmetry it is clear that there is no 
flow across the line perpendicular to the lamina at its middle 
point so that this line may be treated as a real boundary and 
the j5-region will be 




and the image of this in the line AB. It is clear that the 
motion takes place as if the boundary were ABODE. If now 
we reflect this in the line DE we get the same figure as in the 
escape of a jet from a rectangular vessel by an orifice in the 
middle of the base. This is a particular case of our first problem 
and the form of the jet has been worked out by Mr Michell. 
The relations between z, w, and u, are 



dw ^1 
du "" w 

dz^^l V(l - g') + \/(l - u^) 
du" u J{u^ — a*) 



(31), 



and we propose to find the pressure on the side of the vessel 
in which the aperture is. If we take the part to the left of 
the aperture we shall have for the difference of pressure on the 
two sides of this plane 

(dw\^dz ^^^ ^32^ 



W.T'"ii?iJ^"^'" 



16—2 
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where p is the density of the fluid, or 



or 



/, 



V(l-a') + V(l-M^ d« 

1 {V(l j^*) +V(1- a*)] V(l - m') d« 
, {V(l - o*) + V(l - «*)} V(w*- o*)  « ' 
/• V(l- u') *< 

The value of the integral is 

Returning now to the problem of the lamina we see that 
the pressure on it is 

p7r(l -a)/a (33), 

and in the same case the velocity of the stream at infinity in 
the direction from which it comes is 

a/{l + V(l - a")} (34). 

the breadth of the stream is 

d = TT {1 + \/(l - a')}/a (35), 

and the breadth of the lamina is 

Z = 7r3t^^+^^^^^— ^\7r-2 8in-*a) (36). 

a a 

Now let the stream flow from go with a given velocity F in 
a canal of breadth d, and impinge symmetrically and directly on 
a pier of breadth I. Then if a quantity a be determined from the 
equation 

, \ -a^\-^J{l- a") ( 1 sin** a\ 

d^ V(l-a") ' 

the pressure on the pier will be 

„„ytl jl - a) [ I + ^/^l - aT 

'^ a* [tt (1 - a) + V(l - a") (tt - 2 sin-'a)J ' 

By writing a = cos a we find the convenient form { 

^ = tanja + — (37), 
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and the mean pressure is 

fmV^ (sec*a — sec a) (1 + sin a)* 

7r(l —cos a) + 2a sin a ^ *' 

where a is determined by (37). 

14. When the sides of the canal are distant, I is small com- 
pared with d, and if we take l/d = e we shall have 

2« 1 Is /onx 

^ = ^ + 2«-*-24^ + (^^>' 



80 that 

2m- 

v + i 



«= '"^'-ki^^) *'°^"^y <*^)' 



As a first approximation taking a small, we have for the mean 
pressure 

rY(^)=pj^ (41). 



^|. + 2«' ^^-^ 



the same as for a lamina held in an infinite stream. Going to a 
second approximation we have merely to retain the term 2a in 
the expansion of (1 + sin a)* and this gives for the mean pre&sure 



pTT 

4 



^h^.^ («). 



so that the effect of the sides of the canal is to increase the mean 
pressure by 

<r^.. <-). 

and the fraction of itself by which the mean pressure is increased 
is about |€, in which it is to be remembered that 6 is the ratio, 
breadth of pier to breadth of canal. 



15. Problem (v). Stream flowing past an obliquely projecting 
pier. 

Suppose the z boundary consists of parts of two straight lines 
one of them infinite in one direction and terminated at the point 
marked 0, and the other finite and inclined to the first at a given 
angle 7r — a, and that the fluid is on the side of the boundary 
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within the angle tt — a and comes from x in the direction indi- 
cated. The figure in the z plane is 





There being but one bounding stream-line, the figure in the to 
plane is 



OD 



W 



so that there is no necessity to transform to a new u plane. We 
take then the point w = to be the corner, w = 1 the extremity 
of the broken line and w = oo the point to which the stream goes. 

The figure in the fl plane is 



^=0 



n 



<?=-(T-a) 



00 



and this can be conformably represented on the half-plane w by 
means of the relation 



dn 



dtv \/(w ^1) .w 



.(«). 
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so that 

and since 11 == when w = l, and the argument ot'dz increases by 
(ir — a) as w goes through ^rero, we find 



dz 
dw 






1-o/t 

(45). 



16. With our choice of constants the length of the part 
between the points corresponding to w = and w = 1 is 

putting w = sin'tf and tan ^^ = a?, a/ir = n, we transform this into 

'fr^rip''  • <*«■ 

and when a is an exact submultiple of tt, n is an integer and we 
shall be able to evaluate the integral. 

The pressure on the part between the same two points is 

or, making the same transformations as before, 

1 (»■'"-'- aT") (1 - a:») 






(l+«) 



The above might be applied to find the pressure on the rudder 
of a ship when turned obliquely to the length of the ship. The 
average pressure, the centre of pressure, and the moment of the 
fluid pressures can all be expressed by means of definite integrals 
of similar form to the above. If it were worth while tables might 
be constructed giving the values of these quantities for any given 
inclination of the plane of the rudder to the longitudinal plane of 
the ship. As however the motion here considered is in two 
dimensions it is unlikely that the formulae would yield any result 
of use in Navigation. 

(4) On thin rotating isotropic disks. By 0. Chree, M.A., 
Fellow of King's College. 

The following solution might be shortened by assuming certain 
results from a previous paper in the Transactions^. As the 
subject appears, however, to be one of considerable practical 

* Vol. XIV. p. 328 et seq. 
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importance, I have on the advice of Professor Pearson made the 
proof complete in itself. 

The term disk is here restricted to mean a thin plate of which 
a section parallel to the faces is bounded by a circle or two con- 
centxic circles. The disk is supposed of uniform density p and 
of an isotropic material, for which m and n are the elastic con- 
stants in the notation of Thomson and Tait's Natural Philosojiiy. 

Taking the axis of the disk for axis of z with the origin in 
the central plane — or plane bisecting the thickness of the disk— 
we see from the symmetry that as the disk rotates about its axis 
with uniform angular velocity 6) the displacement at every point 
is in the plane through that point and the axis, having for its 
components w parallel to the axis and u alon^ the perpendicular 
r on the axis directed outwards. At any point r, z in the disk 
the strains are as follows : 

Normal strains. Tangential or shearing strtin. 

^ ^ ^ -*- 



longitudinal -r- parallel Oz, t- -f -y- in the plane oizr. 

T, J du , 
radial -r- along r, 

u 
transverse - perpendicular to r and z. 

It is obvious from the symmetry that the two other tangential 
strains must vanish. 

The expression for the dilatation 8 is 

«. du u dw ,,v 

^-dr^r^Tz <*> 

The stress system is as follows : 

^2 = (m — n) 8 -I- 2ii -y- parallel to oz. 

Normal J ^^ 

stresses | n* = (m — w) 8 + 2?i ^ along r, 

^ = (m — n) 8 + 2n xijr perpendicular to Oz and to r; 

Shearing f-^ (dti dw\ , , 
stress f = " U "^ 1^) "" P^'"' •^' 

The other two shearing stresses must vanish from the symmetry. 
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We may suppose the disk at rest, acted on by a " centrifugal 
force " 6)"pr per unit of volume. Thus the internal equations are 
the following two* 

CwT drz . rr^tfxb , s t\ /c%\ 

d^ + dl^r^''f"' = '^ (2), 

^ + 5 + ^ =0 (3). 

dr r dz ^ ^ 

Let 2i denote the thickness of the disk, a the radius of its outer 
a' that of its inner cylindrical surface, or edge. Then supposing 
the disk exposed to no surface forces, the solution ought to satisfy 
the following surface conditions' — 

{?z = Q (4), 

over the flat faces z=±lA^ ^ ,^. 

l^« = (5), 

over the edges r= a and r = a', s!i!~ ^ ^' 

^ 'lrr=0 (7). 

Substituting for the stresses their expressions in terms of the 
strains and using (1), we easily transform (2) and (3) respectively 
into 

. . . dS , d { (du dw\\ , „ 

(«» + ")'• rf-+n^|r(^-^j| = -«V (8), 

. , V dS d { (du dw\] 

(m + »)r-^--«^-jr-(^-^J| = (9). 

DiflFerentiating (8) with respect to r and (9) with respect to z, 
then adding and dividing out by (m + n) r, we get 

(P8 IdS ^^_^«V_ 

dr* r dr d:^ m-\-n ^ ^' 

Of this a particular solution is 

A complementary solution in ascending powers of r and z with 
arbitrary constants can be obtained, as I have shown in a previous 
paper*. Of this we require for our present purpose only the 
constant term and that of the second degree, or 

* Pearson's Elasiical Researches of Barri de Saint-Venantt foot-note, p. 79, or 
Ibbetson's Mathematical Theory of Perfectly Elastic Solids, p. 239. 

' n)bet8on'8 Mathematical Theory 1. c, or Todliunter and rearsou's History 

of Elasticity, Vol. i. Art. 614. 

' Transactions, Vol. xiv. p. 328 et seq. 
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Fatting the right-hand side of (10) zero, it is easily verified 
that this is a solution. We thus have 

S = ^ + C(^-ir»)-ifliX/(»i+n) (11). 

Noticing that 

d ( /da dw\\_ dS ^ d^w ^ d / dw\ 

we may transform (9) into 

d*w 1 dw d*w m dS 2m ^ ,^ ^, 

dr^ r dr dsr n dz n 

Of this a particular solution is 

A complementary solution is easily obtained in ascending powei^ 
of r and z. Of this we require for our present purpose only the 
terms of the first and third degrees, which separately satisfy (12) 
when the right-hand side is zero. Thus we get 

w = a,^+€,(2^-3^r^)-g*C^ (13), 

where a^ and e^ are new constants. 

Employing (1) and (11), we in like manner easily transform (8) 
into 

d*a Idu u d*u _ m dB co'pr 

df* r dr r* dz^ n dr n ' 

^ric'^- '^'l-] (H). 

\ n m + nj 

A particular solution is 

\ n m + n/ 

For the complementary solution we require only the terms in odd 
powers of r and -? up to the third degree. Terms in negative 
powers of z are of course inadmissible, and r"' is the only negative 
power of r which satisfies the differential equation. Thus the 
complementary solution is 

tt=- + ar + 6(2;'- 2zr*) + f (4/r - r"), 

where D, a, €, f are new constants whose coeflScients separately 
satisfy (14) when its right-hand side is 0. Thus for our complete 
solution of (14) we get 

u = :? + ar + €(^-2^r') + ?(4^r-/) + |fC---^V-0^> 
r ' ^ o\ n 7n + nJ 



1891.] Mr Chree, On thin rotcvtiiig isotropic disks. 



205 



The constants in (11), (13) and (15) are not all arbitrary, being 
connected through the identity (1). From it we find 

a^ = -4 - 2a, 

€ = 0. 

Thus the solution we have arrived at is 
8 = il + C(-3» - ir*) - iG>>7(m + n), 



w 



= (^-2a).-gC^ + J(^«a-8r)(2^-3^),l (le^^ 



D 

11= - + fltr 
r 



S\n vi-hnj 



where all the constants are independent. 

To determine the constants we have the surface conditions 
(4)-(7). 

From (4) and the expression for S in terms of the strains we 
easily find 

(m + n) il - 4na 4- P {(m + n) (7 - 16nf } 

+ r^W-i(3m + n)(7-J'^a>v} = 0...(l7). 

Since this holds for all values of r between a' and a, the constant 
part and the coefficient of r* must separately vanish. Thus we 
get 

(m + n)A-4tna + P{(m+n)C^16n^} = (18), 

8n?-i(3m + n)(7-i^^4-?o)> = (19). 

From (5) and the expression for rz in terms of the strains wo 
at once obtain 

16n?-(m+/i)C = (20). 

The equations (18), (19) and (20) are satisfied by 

m + n . \ 



a = 



4tn 



C = - 



m — n 



2 m (w 4- n) 



«V' 



>• 



y 1 m — 71 , 



32 mn 



(21). 
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Substituting these values in the expressions for the stTBios 
and stresses we find for ail values of r and z 



zz 



0, 



du dw 

dz dr ' 



.(22). 



and so S = , 

Since J? is everj^ where zero, the condition (6) over the edges is 
exactly satisfied. The only surface condition left is (7), but this 
we cannot exactly satisfy, unless m = n, by means of the present 
solution. For, substituting the above values of the arbitrary con- 
stants, we obtain from the expression for rr in terms of the strains 

rr^^a = i (3wi — n) A — 2na~^D 

7m — n , , (m — n)(3wi-n) , , ^^.m 

- - 1 ^ ©V - ^ .-- / , . ' coTpz" (23). 

16m '^ 4m(m + n) '^ 

rvf^a' = similar expression, replacing a by a' (24). 

It is obvious we cannot make these stresses vanish for all values 
o{ z. 

If the thickness 21 of the disk be of the same order of mag- 
nitude as the radius a this iistilure renders th^ present method 
inapplicable; but when l/a is small it is easy to obtain a solntioD 
which according to Saint- Venant and other eminent authorities 
must be very approximately exact except in the immediate neigh- 
bourhood of the edges. 

The principle this solution is based on is that of staticaUy 
equivalent systems of loading. According to this principle when 
a surface of an elastic solid has a small dimension^such as the 
thickness of a thin disk — all systems of surface forces which k 
their distribution along the small dimension are statically equi- 
valent produce, except in the immediate neighbourhood of their 
points of application, practically identical strains and stresses. 
We may thus for practical purposes replace any system of surfcce 
forces over the small dimension by any statically equivalent 
system. 

For a discussion of this principle and illustrations of its 
application, the reader is referred to Saint-Venant's Thdorie <fc 
rElasticite.,.de Clebsch, p. 174 et seq. and p. 727 et seq., alsoto 
Pearson's Elastical Researches of Barrd de Saint-Venxint, Arts. 8 
and 9. 

In my previous treatment of this problem', which was liraiteu 
to a complete disk, I determined the constant ^ so as to make 

* Transactions, Vol. xiv. pp. 834 — 6, § 76, first two cases ; and Quarterly Jov^ 
Vol. XMii. 1889, pp. 24—28. 
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J^rsa vanish for a given value of z, viz. either z = or z= ±1. In 
either case we are left with a system of unequilibrated normal 
forces along each generator of the edge. On this ground Professor 
Pearson has recently* expressed his opinion that my solution 
cannot be regarded as "final" even for a thin disk. As the 
normal forces in question are of the order of the sqiuire of the 
thickness of the disk, I am not altogether sure what weight may 
be attached to this criticism. In deference however to Professor 
Pearson s opinion, and to what I believe the view Saint- Venant 
would have taken, I propose the following method of solution 
which removes at least this objection. 

It consists in determining A and D from the equations 

p^r^adz^O (25), 

I ^r^a'dz = (26). 

This still leaves normal stresses of the order of the square of the 
thickness over the edges, hut the forces along each generator of an 
^dge foTTn a system in statical equilibrium. Thus according to 
the principle of statically equivalent systems, the solution we 
shall obtain — which must be strictly limited to thin disks — gives 
expressions for the strains and stresses which can differ sensibly 
from those supplied by the complete solution only in the im- 
mediate neighbourhood of the edges. 

For the case of a complete disk D must vanish and A is to be 
determined by (25). 

For the annular disk we find from (25) and (26) 

8m(3m — ii) '^^ ^ Gm(m + n) '^ I .^. 

y. 7m-n . , ,j5 I 

Also from equations (21) we have C and ^ determined explicitly, 
and a found in terms of A, Thus all the constants of our solution 
are determined. For a complete disk we have only to put D = 0, 
and a'= in the expression for A in (27). 

The physical results attainable from the solution will perhaps 
be rendered more practically serviceable by replacing the m, n of 
our previous work by Young's modulus E and Poisson's ratio r). 
To express the values obtained above for the arbitrary constants 
in terms of E and r) we require the relations 



m = iJS?/{(l - 2,)(1 + v)} 

> Nature, 1891, p. 488. 



} 
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Substituting the expressions found for the arbitrary constants in 
terms of E and 17 in (16), we find for the strains in an annnlar 
disk 

J . "'' <1 - ^) 1(3 + ,)(«• + a-) - 2 (1 + ,) r-l 



4^ 



__ a)'p 



rr 



w = - ^f V 1(3 + v)(a* + a") ^ - 2 (1 + ,) r'z} 

" = S {^^ ~ "^^'^ + ''><'** + a-*) r - (1 - ,«) r* + ^" (1 + ,)(3 + ,)} 

+ '^vil+v)r(l'-9sr, (31). 

From these strains we find for the stresses 

■^^I'^T^r,^^-^'^) (32). 

» = - + "*4^{(l-'7)»' + (3 + '7)y"j (33> 

For a complete disk we have 

«-"'' W''- K3 + .)«'- 2 (l + ,)r-l 

3.e^ 1^ (,r-d«') (34), 

-S''\'-^(^-^) w 

« = *'^ (1 - ,) {(3 + 1;) aV - (1+ ,) r»} 



«*jO 



8E 

+ Q-£va+v)ril^-S^) (3G). 

- = t''(3 + ^)(a*-r«) + ^%l±^(P-3e») (37). 

» = J? + ^ (!-'?)»•» (38) 
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For both the annular and the complete disks zz and fz are by (22) 
everywhere zero. The expressions for the strains and stresses in a 
complete disk are correctly deduced from those in an annular 
disk by leaving out all terms contaiDing a". Allowing for the 
change of notation, the solution for the displacements in a com- 
plete disk differs from my previous one* only by terms in rP in 
tf, zP in w and P in S. Thus it only adds to the strains given by 
the previous solution certain constant terms of order P, and in no 
respect modifies the conclusions derivable from that solution as 
to the mode in which the strains and stresses alter with the 
variables r, z. 

The expressions (32) and (33) for the stresses in an annular 
disk when terms in P and z* are neglected agree with those 
which Professor Ewing' quotes as obtained by Qrossmann". 
They likewise agree with those found by Clerk Maxwell* when 
the error in the sign of his equation (59) pointed out by 
Mr J. T. Nicolson* is corrected. The expression (31) for the 
radial displacement when terms of order P are neglected is iden- 
tical with that given implicitly or explicitly by Maxwell, and by 
Grossmann putting his N^ = 0, and to the same degree of approxi- 
mation (30) coincides with the value for the longitudinal displace- 
ment to which Maxwell's theory would lead if fully worked out. 
I shall thus for brevity speak of the expressions our solution 
supplies both for the complete and annular disks when terma of 
order P are neglected as constituting the MaanveU solution. 

The conclusion we are led to is that the methods of Maxwell 
and Grossmann — which seem practically identical — ^while involving 
inconsistencies* and certainly inconclusive from a strict theoretical 
standpoint, perhaps even "paradoxical" as Professor Pearson' 
states, yet lead to results which if the present investigation can 
be trusted are sufficiently exact for practical purposes so long as 
the disk is very thin. 

From (33) it is obvious that J? is everywhere greater than r? 
in an annular disk. The same result follows from (38) for a com- 
plete disk, except at the axis where the two stresses are equal. 

^ Quarterly Journal of Pure and Applied Mathematics, Vol. zzni. 1889, JS^tia- 
tiofu (129), p. 28. 

« Nature, 1891, p. 462. 

> Verhandlungen dee Vereiru zur Beph'denmg des Geicerbjieissei, Berlin, 1883, 
pp. 216—226. 

^ Trantactions of the Royal Society of Edinburgh, Vol. xz. Part i., 1853, pp. 
Ill — 112; or Scientific Papers, Vol. i. p. 61. For oorroctions to Maxwell's second 
equation (57) see Todhunter and Pearson's History of Elasticity, Vol. i. ft.-note, 
p. 827. 

* Nature, 1891, p. 614. 

* They 1^ to results inconsistent with one or both of the original assamptions, 
▼iz. that fg is everywhere zero, and that gz if not also zero is independent of r and z, 

7 Nature, 1891, p. 488, 
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Also a aad n Yanish at every point, thus both in the annular 
and in the complete disk H is everywhere the stress-difference 
and u/r the greatest strain. Both quantities for any given valne 
of r are greatest when z = 0, and for any given value of ^ are 
greatest when r = for the complete disk, or r-^a' for the 
annular. They are thus according to the solution greatest in 
the central plane, at the centre of a complete disk and at the 
inner edge of an annular. 

According, however, to the principle of statically equivalent 
surface forces our solution does not strictly apply for values of r 
which differ from a or from a' by quantities which do not exceed 
several multiples of L In other words, it possibly may give values 
for the strains and stresses over the edges differing from the true 
values by terms of the order P. Thus in determining the greatest 
values of the stress -difference or greatest strain, which occur 
at or immediately adjacent to the inner edge in an annular 
disk, we are not warranted in retaining terms of this order of 
small quantities. I thus propose in determining these quantities 
to neglect terms of this order as being of doubtfril accuracy, at 
least in an annular disk, and of insignificant magnitude in any 
thin disk. It should be noticed, however, that our complete 
solution gives at all radial distances larger values for the strains 
and stresses in the central plane than when terms in P are neg- 
lected. Thus it would certainly only be prudent to regard the 
values we are about to find from the Maxwell solution for the 
maximum stress-difference and greatest strain as minima, which 
in all probability are exceeded in any actual case. In a thin 
disk, however, the true values can exceed these only by small 
terms, of order (//a)* at least. 

Neglecting then terms in I* and ^, we find for the maximum 
stress-difference S and the largest value of the greatest strain «— 

In a complete disk, \ ^^ = *->'<3/ ^^ <»»)' 

\Es, = {l^v)S, (40). 

In an annular disk, S, = Es^ = {m^p {a" (3 + 17) + a" (1 - 17)} . . .(41). 

Since 3^ = Es^ the maximum stress-difference and grejitest strain 
theories lead to identically the same result for the so-called 
" tendency to rupture" — i.e. approach to limit of linear elasticity 
— in the annular disk. In the complete disk the maximum stress- 
difference theory assigns for all possible values of 7), except 0, 
a lower limit than the other for the safe velocity of rotation. 

Supposing a>, and cd the limiting safe angular velocities io a 
complete and in an annular disk of the same material and external 
radius, then putting in succession S^ = S, and 5^ = S,, we find 
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On the maximum stress-difference theory 

-.•/..• =2(1^1^;^') («), 

On the greatest strain theory 

«./«. -2 (i_^)(3 + ,) (43). 

When (of /ay is negligible, or there is only a very small axial hole, 
these give respectively 

o>j/«, = V2 for all values of 17, 



a>Ja>^ = ^/2/(l - 17), or nearly 1-633 for 17 = 25. 

The former result was given by Professor Ewing in Nature, and 
he also directed attention to the great diminution it represents 
in the strength of a disk due to the removal of a small axial 
core. The effect is even more striking on the greatest strain 
theory for ordinary values of 17. 

Since the striking character of this result may arouse doubts 
in some minds as to the validity of any investigation which leads 
to it, I would point out that it is not an isolated fact. The 
removal of a central spherical core of any radius however small 
from a sphere rotating about a diameter has, as I have shown 
in a previous paper \ a precisely similar effect, increasing very 
laigely the greatest values both of the stress-difference and great- 
est strain. The same result also follows the removal of a thin 
axial core from a rotating right circular cylinder whose length 
is constrained to remain constant*. 

In discussing the nature of the strains and stresses we may 
for most purposes leave out of account in the first place terms of 
order P or P, regarding them in the light of small corrections to 
the principal term& 

According to the Maxwell solution, every originally plane 
section parallel to the faces of a complete or annular disk ap- 
proaches at every point the central section, z^O, and assumes 
the form of a paraboloid of revolution about the axis of rotation. 
In this respect the phenomena are precisely similar to those 
presented by a flat oblate spheroid rotating about its axis of 

symmetry \ 

The latus rectum of the paraboloid into which is transformed 

^ TnauacHons, Vol xiy. pp. 467—88. See Tablea IV. and VIII. and their 
cliaeassion. 

' Trantaetiont, Vol. xiv. p. 839. 
' TrafuaetioTU, Vol. xv. pp. 10 — 13. 

VOL. VII. FT. IV. 17 



212 Mr Chree, On thin rotating isotropic ditiks. [May 4, 

an originally plane section at distance £ from the central plane is 
in both the complete and annular disks 

2^^ {17(1 + 17) «V^}. 

It thus depends merely on the angular velocity, the nature of the 
material and the original distance from the central plane. Its 
reciprocal, and so the curvature at the vertex of the paraboloid, 
varies directly as the sauare of the angular velocity and as the 
distance from the central plane. 

The amount by which the axial point on an originally plane 
section parallel to the faces — of course an imaginary point in an 
annular disk — approaches the central plane varies as the square 
of the radius of the complete disk. The corresponding approach 
in an annular disk varies as the sum of the squares of the radii 
of its edges, and is greater than in a complete disk of the 
same external radius. The magnitudes of the reductions in the 
thickness, 2Z, of the disks will be seen from the following data — 



fat inner edge ^ oo^pltf {(3 + 17) a* + (1 - iy) a7]. 
In annular disk -I 

I at outer edge ^ c»V^ {(3 + 1;) a** + (1 - iy) a*}, 

(at axis ^(^^ph (3 + v) ^\ 
at outer edge ^-p, tn^pUi (1 — 17) a*. 

The terms in zP and x? in (30) and (35) cut out when s^±l^ 
so that as regards the preceding results as to the change of thick- 
ness there is an exact agreement between the Maxwell aolati<m 
and the more complete solution. 

It will be noticed that the reduction in thickness at the inner 
edge of an annular disk equals the reduction at the axis of a 
complete disk equal in radius to its outer edge, together with the 
reduction at the rim of a complete disk equal in radius to its 
inner edge, the thicknesses, materials and angular velocities being 
the same in each case. Also the reduction in thickness at the 
outer edge of an annular disk exceeds what it would be if the 
disk were complete by the reduction at the axis of a complete 
disk equal in radius to its inner edge. 

The longitudinal strain dw/dz parallel to the axis is a com- 
pression at every point, unless 17 = 0, both in the complete and 
annular disks, and diminishes numerically as r increases. For 
ordinary materials it is a quantity of the same order of magnitude 
as the radial and transverse strains, but it vanishes throughout if 

71 = 0. 
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The terms in zP and 2^ in w would indicate that the longi* 
tudinal compression is somewhat greater near the central plane 
and somewhat less near the faces of the disk than according to 
the Maxwell solution. 

For a first approximation confining our attention to the Max- 
well solution in (31) and (36), we see that every point in the 
disk, whether complete or annular, increases its distance from the 
axis, and the transverse strain u/r is thus everywhere an extension. 

In the complete disk the radial strain is an extension inside 
and a compression outside of a cylindrical surface co-axial with 
the disk, and of radius r^, given by 

r, = 0^1(3 + ,)/(!+,) (44). 

This gives a value for r^ less than a for all possible values of 17 
except 0. Any annulus of the disk increases or diminishes in radial 
thicKness according as it lies inside or outside this surface. 

In the annular disk the increases da and da in the radii of 
the edges, and 9 (a — a') in the radial thickness, a — a\ are given 
by 



9a' = ^'{(3 + i,)a« + (l-i,)a'') (46). 

d(a-a') = ^^^B^^^{(a-ay-via+uy}..(i7). 

Thus the radial thickness is increased or diminished according as 

a'/a< or >'(! - V^) -r (1 -f V^).... (48). 

For the ratio of the radii in the annular disk whose radial thick- 
ness is unaltered, we find 

fj = 0, a'/a = 1, 

tf = -25, a' /a = -3, 

rj = -36, a'/a = -25, 

7) = '5, a'/a = '1716 approx. 

The radial strain given by the Maxwell solution in (31) is 

't-S/« (♦'). 

where /(r) = (1 - ,)(3 + ^)(a' + a") - 3 (1 - 1,') r" 

- (I + ij)(3 + 1;) a*a'*r-*. . .(50). 
Since /(a) = -2,;{(l-i,)a' + (3 + i,)a''}, 

and /(a') = -2r,{(l-r,)a'* + {S+7,)a'-}, 

17—2 
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we see that the radial strain is a compression at .both edges fiir 
all ratios of a' : a, and for all possible values of ^ except 0. For 

/(r) = ^(T'-a'«)(a*-rO (51). 

and 80 the radial strain is for all ratios of a' \a an exiensioii 
everywhere except at the edges, where it vanishes. 

For all other values of 17 there are always portions of the 
disk immediately adjacent to the edges wherein the radial strain 
is a compression, and it is easily proved that the radial strain is 
everywhere a compression when 

a7a>7(l-i;)(3 + i;)-^ {3* (1+17) + 7*17(2 + 17)}.. .(52). 

An idea of the nature of the radial strain under various conditions 
for the value '25 of 17 may be derived from the following table : 



Table I. 



du 



Sigpi of -p , and loci where it vanishes for 17 ss *25. 



ValMofa'/a 
•1 


4m 
dr 


' - 4 + 

r/a - 1 130 


6 - ^ 
•927 1 


•2 


•2 -264 


•912 1 


•3 


'3 -409 


■882 1 


•4 


•4 -697 


•806 1 


>-426 


Everywhere a 


compression. 



From the Maxwell solution in (32) and (37) it is obvious that the 
radial stress is a traction for all possible values of 17 at all points 
not on the edge or edges of the disk. 

The terms in rP and rz" in (31)— (33) and (36)— (38) show 
that the complete solution gives algebraically greater values for 
the radial and transverse displacements, strains and stresses at 
all axial distances in the central plane than the Maxwell solution. 
It will be noticed, however, that the mean of each of these 
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quantities taken between the limits — Z and +1 of 2? is the same 
as when terms of order P are neglected. Thus the Maxwell- 
Grossmann method of solution leads to values for all the radisA 
and transverse strains and stresses which are identical with those 
which the present solution supplies for mean values taken through- 
out the thickness of the disk. It also as we have seen when 
fully worked out supplies the same value for w at the plane 
surfaces of the disk, and so the same mean value for the longitu- 
dinal compression throughout the thickness. 

In consequence of the second relation (22) the mutual inclina- 
tions of all material lines in the disk remain unchanged. Thus 
what were originally cylindrical surfaces co-axial with the original 
edges cut orthogonally the surfaces into which have been trans- 
formed what were originally planes parallel to the faces; i.e. they 
become orthogonal to what are practically a series of paraboloids, 
whose common axis is that about which the rotation takes place. 
This perhaps will convey the clearest idea of how material lines 
originally perpendicular to the faces become under rotation con- 
cave to the axis of the disk. 



May 18, 1891. 

PROFESSOB LiVEING, ViCE-PrESIDENT, IN THE CHAIR. 

The following Communications were made to the Society: 

(1) On Parasitic MolUisca, By A. H. Cooke, M.A., King's 
College. 

[Receii>ed July 18, 1891.] 

Various grades of parasitism occur among the MoUusca, from 
the true parasite, living and nourishing itself on the tissues and 
secretions of its host, to simple cases of commensalism. Some 
authors have divided these forms into endo- and ecto-parasites, 
according as they live inside or outside of their host. Such a 
division, however, is hardly tenable. Certain forms are indif- 
ferently endo- and ecto-parasitical, while others are ecto-parasitic 
in the young form, and become endo-parasitic in the adult. It 
will be convenient therefore, simply to group the different forms 
according to the home on which they find a lodgement. 

On Coslenterata. (a) Sponges. vyJsella and Grenatvla almost 
invariably occur in large masses of irregular shape, boring into 
sponges. (6) Corals. These form a favourite home of many 
species, amongst which are several forms of Coralliophila, Bhizo- 
diUus, Leptoconchat and Sistrum, The common Magiltis, from the 
Red Sea and Indian Ocean, in the young form is shaped like a 
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small Bttccinum, As the coral (Meandrina) to which it attadics 
itself grows, it develops at the mouth a long calcareous tube, tlie 
aperture of which keeps pace with the growth of the conl, 
and prevents the mollusc from being entombed The animal 
lives at the free end of the tube, and is thus contioually shiftiDg 
its position, while the space it abandons becomes completely 
closed by calcareous matter. Certain species of Ovula inhabit 
Gorgoniae, assuming the colour, yellow or red, of their host, and, 
in certain cases, developing for prehensile purposes a pointed 
extension of the two extremities of the shell. Pedicularia in- 
habits the common Melithaea mbra of the Mediterranean, and 
another species has been noticed by Graeffe^ on if. ochraoea in 
Fiji. 

On EchinodentKXta, (a) Crinoidea. Stilhia conuitulicola lives 
on Comatula mediterranea, fixed to the outer skin, which it pene- 
trates by a very long proboscis; the shell is quite transparent*. 
A curious case of a fossil parasite has been noticed by Roberts'. 
A (7a^^^ra«a-shaped shell named PkUyceras always occurred on 
the ventral side of a crinoid, encompassed by the arms. For 
some time this was thought to afford conclusive proof of the 
rapacity and carnivorous habits of the echinoderm, which had 
died in the act of seizing its prey. Subsequent investigations, 
however, showed that in all the esses noticed (about 150) the 
Platyceras covered the anal opening of the crinoid in such a way 
that the mouth of the mollusc must have been directly over the 
orifice of the anus, (b) Asteroidea, The comparatively soft tex- 
ture of the skin of the starfishes renders them a favourite home 
of various parasites. The brothers Sarasin noticed^ a species of 
Stilifer encysted on the rays of Linckia multiformis. Each shell 
was enveloped up to the apex, which just projected from » 
hole at the top of the cyst. The proboscis was long, and at its 
base was a kind of false mantle, which appeared to poBsess a 
pumping action. On the under side of the rays of the same 
starfish occurred a capuliform mollusc {Thyca ectoconcha\ fur- 
nished with a muscular plate, whose cuticular surface was indented 
in such a way as to gnp the skin of the Linckia, This plate 
was furnished with a hole, through which the pharynx pro- 
jected into the texture of the starfish, acting as a proboscis and 
apparently furnished with a kind of pumping or sucking action- 
Adams and Reeve ° describe PHeopsis dstericola as living * on the 
tubercle of a starfish,' and Stilifer aetericola, from the coast of 

^ Desoribed as a Cypraea, but no doubt ah Ovula or PedietUaria : C. B. IV tH 
Par. V. 648. 

s Von Graff, Z. Wits. Zool. xzv. 124. 

• Ptoc. Amer. PhiL Soc. xxv. 231. 

• Ergeb. natorw. Forsoh. Ceylon, abstr. in J, R. M. S, (2) vi. 412. 

• Voyage of the Samarang^ Moll. p. 69, PL xi. f. 1 ; p. 47, PI. xvu. f. 5. 
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Borneo, as 'living in the body of a starfish.' In the British 
Museum there is a specimen of Pileopsis crystaXlina in situ on 
the ray of a starfish. On the brittle starfishes (Ophiuridae) occur 
several species of Stiliferina. (o) Echinoidea. Various species of 
StUifer occur on the ventral spines of echinoderms, and are some- 
times found imbedded in the spines themselves. St Turtoni 
occurs on the British coasts on several species of Echini, and 
Montacuta substriata frequents Spatangus purpwreus and certain 
species of Amphidetus, Cidaris and Briasus. Lepton parasiticum 
has been described from Kerguelen I. on a Hemia^ter, and a new 
genus, Robillardia, has recently been established^ for a Hyalinia- 
shaped shell, parasitic on an EchintLS firom Mauritius, (ci) Holo- 
ihuroidea. The 'sea-cucumbers' afford lodgement to a variety 
of curious forms, some of which have experienced such modi- 
fications that their generic position is by no means established. 
Entoconcha occurs fixed by its buccal end to the blood-vessels of 
certain Synaptae in the Mediterranean and the Philippines. Ento- 
colax has been dredged from 180 fath. in Behring's Straits, attached 
by its head to certain anterior muscles of a Myriotrochus*. A 
curious case of parasitism is described by Voeltzkow* as occurring 
on a Synapta found between tide-marks on the I. of Zanzibar. 
Id the oesophagus of the Synapta was found a small bivalve 
{Entovalva), the animal of which was very large for its shell, and 
almost entirely enveloped the valves by the mantle. As many as 
five specimens occurred on a single Synapta. In the gut of the 
same holothurian lived a small univalve, not creeping freely, but 
fixed to a portion of the stomach wall by a very long proboscis 
which pierced through it into the body cavity. This proboscis 
was nearly three times as long as the animal, and the forward 
portion of it was set with sharp thorns, no doubt to make it to 
retain its hold and resist evacuation. Various species of Euliina 
have been noticed in every part of the world, from Norway to 
the Philippines, both inside and outside Holothurians\ StUifer 
also occurs on this section of echinoderms^ 

On Annelida. Cocfdiolepas parasiticus has been noticed under 
the scales of Acoetes lupina (a kind of ' sea-mouse ') in Charleston 
Harbour •. 

On Cru8ta,cea. A mussel, fin. long, has been found' living 
under the carapace of the common shore-crab {Gardnus maenas), 
but this is not so much a case of parasitism as of involuntary 

1 E. A. Smith, Ann. Mag. Nat. Hut. 1889 (i), 270. 
' Joum. de Conch. (3) zxix. 101. 

* Zool. Jakrb. Ahth, f. Sy$t. v. 619. 

^ See especially Semper, Animal Life, Ed. 1, p. 351. 

» Gould, Moll, of U.S. expl. exped. 1852, p. 207 {St. acictda, from Fiji). 

* Stimpson, Proe. Bo»t. Soc. N. H. vi., 1858, p. 808. 
^ Pidgeon, Nature, xxzix. p. 127. 
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habitat, the mussel no doabt having become involved in the 
branchiae of the crab in the larval form. 

On Mollu9C€L A species of Odostomia {pallida Mont.) is found 
on oar own coasts on the 'ears' of Peden maximus, and also^ on the 
opercolum of TurriUUa communis. At Panama the present writer 
foand Crepidula (2 sp.) plentiful on the opercula of the great 
Strombus galea and of Uerithium irroratum, AmaUhea is very 
commonly found in Comis, Turbo, and other large>sized shells^ but 
this is probably not a case of parasitism, but simply of con- 
venience of habitat, just as young oysters are frequently seen on 
the carapace and even on the 1^ of large crabs. 

On Tunicata. Lamdlaria is said to deposit its eggs on an 
Ascidian {Leptoclinum), and the common Modiolaria marfnoraia 
lives in colonies imbedded in the tegument of Ascidia merUula 
and other simple Aflcidians. 

Special points of interest with regard to parasitic moUusca 
relate to (1) Colour. This is in most cases absent, the shell being 
of a uniform hyaline or milky white. This may be due, in the 
case of the endo-parasitic forms, to absence of light, and possibly, 
in those living outside their host, to some deficiency in the 
nutritive material. A colourless shell is not necessarily pro- 
tective, for though a ti-ansparent shell might evade detection, 
a milk-white hue would probably be conspicuous. (2) Modifica- 
tions of structure. These are in many cases considerable. £nUh 
concha and Entocolax have no respiratory or circulatory organs 
and no nervous system; Thyca and certain Stiliferi possess a 
curious suctorial apparatus; the foot in many cases has aborted* 
since the necessity for locomotion is reduced to a minimum', and 
its place is supplied by an enormous development of the probo8cis» 
which enables the creature to provide itself with nutriment with- 
out shifting its position. Special provision for holding on is 
noticed in certain cases, reminding us of similar provision in 
human parasites. Eyes are frequently, but not always wanting, 
even in endo-parasitic forms. A specially interesting modification 
of structure occurs in (3) the Radvla, In most cases (Etdima, 
Stilifer, Odostomia, Entoconcha, Entocolax, MagUiis, CoraUiqphila, 
Leptoconcha) it is absent altogether. In Ovula and PediciUaria, 
genera which are in all other respects closely allied to Cypraea, 
the radula exhibits marked differences from the typical radula of 
the Cypraeidae. The formula (3' 1*3) remains the same, but the 
laterals are greatly produced and become fimbriated, sometimes 
at the extremity only, sometimes along the whole length. A 

^ Smart, Journal of Conch. ▼. 152. 

'Semper notioes a case where a EuLima whose habitat is the stomaoh of a Hole- 
thorian retains the foot immodified, while a species oocarring on the outer skin, Imt 
provided with a long proboscis, has lost its foot altogether. 
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very similar modification occurs in the radula of Sistrum spectrum 
Reeve, a species which is known to live parasitically on one of 
the branching corals. Here the laterals differ from those of the 
typical Purpuridae in being very long and curved at the ex- 
tremity. The general effect of these modifications appears to 
be the production of a radula rather of the type of the vegetable- 
feeding TrochicUie, which may perhaps be regarded as a link in 
the chain of gradually degraded forms which eventually terminate 
in the absence of the organ altogether. The softer the food, the 
less necessity there is for strong teeth to tear it ; the teeth either 
become smaller and more numerous, or else longer and more 
slender, and eventually pass away altogether. It is curious, how- 
ever, that the same modified form of radula should appear in 
species of Owia (e.g. ovum\ and that the same absence of radula 
should occur in species of JSvlvma (e.g. polita) known not to be 
parasitical. This fact perhaps points back to a time when the 
ancestral forms of each group were parasitical and whose radulae 
were modified or wanting, the modification or absence of that 
organ being continued in some of their non-parasitical descendants. 

(2) Exhibition of models of double supernumerary appendages 
in Insects: also of a m^hanical msthod of demonstrating the 
St/stem upon which the Symmetry of such appendages is usu^aUy 
arranged. By W. Bateson, M.A., St John's College. 

^) On the nature of the excretory processes in Marine Polyzoa, 
By S. F. Habmer, M.A., King's College. 

[Abstract: reprinted from the Cambridge University Reporter^ May 26, 1891.] 

This communication was the result of an occupation of a 
University table at the Zoological Station at Naples during the 
Easter Vacation of 1891. 

Observations were made on the manner in which various 
artificial pigments were excreted in Bugvla and in Flustra, on 
the lines adopted by Kowalevsky {Biolog. Centralblatt, IX., 1889 — 
1890, pp. 33 etc.) for other Invertebrates. The general result of 
the experiments was to show that excretion is not performed by 
organs comparable with nephridia, but that this process is carried 
on by free mesoderm cells, and to some extent by the connective 
tissue and by the walls of the alimentary canal. Evidence was 
obtained to show that the periodic loss of the alimentary canals 
leading to the formation of the " brown bodies " jnay be regarded 
as, to some extent, an excretory process. 
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June 1, 1891. 

Prof. G. H. Darwin, President, in the Chair. 

The following communications were made to the Society : 

(1) On the part of the parallactic dass of inequalities in the 
moon* 8 motion^ which is a function of the ratio of the mean motions 
of the sun and moan. By Ernest W. Brown, M.A., Fellow of 
Christ's College. 

In a paper to be published shortly, a solution will be given by 
approximation in series, of the equations for this class of in- 
equalities. In Vol. I. of the American Journal of MathemaUcs, 
Mr G. W. Hill has shown that by using rectangular instead of 
polar co-ordinates, the inequalities depending only on the mean 
motions of the sun and moon can be found to a high degree of 
accuracy with comparatively little trouble ; and that the series to 
be obtained may be rendered more convergent by developing in 
terms of n'/(n — n) — m\ instead of n'/n = m as has been done 
iu most of the previous theories. He further shows that by 
developing in terms of m'/{l — ^') = /* a still greater degree of 
convergency is obtained. The results are expressed in rectangular 
co-ordinates and on that account are not convenient for obtaining 
the algebraical expressions of the lon^tude and parallax of the 
moon. But these transformations will still have force when we 
change to polar co-ordinates, so that by putting in Delaunay's 
series for this class of inequalities m = m'H\ + m') = /*/(! + J/*) 
and expanding in powers of m' or /l& we should get a better ap- 
proximation to the truth. This is not necessary in the Variation 
Inequality which Delaunay has found with sufficient accuracy for 
practical purposes. But in the Parallactic Inequality he stops at 
(a/a').m^ the numerical multiplier of which is roughly 55113; 
the term expressed in seconds is 0'''38. By substituting 

m = m'l{l + m') 

and developing in terms of m^ this multiplier is reduced to about 
one half its former value; but since m' is nearly one-twelfth 
greater than m the accure^^y is not increased, though the new 
series has greater convergency. 

On using Hill's method with rectangular co-ordinates for the 
parallactic class of inequalities (i.e. those dependent on the ratio 
of the mean distances of the moon and sun) a factor whose value 
is 1/(1 — 4wi'-- ...) appears, and to the expansion of this factor in 
powers of m' is due tne slow convergence of the series giving the 
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coefficient of the parallactic inequality. Delaunay^s series for this 
inequality is ^ 

74"02 34"-83 ll"-89 4"-43 l"-86 0"-71 

0"-38 

where the coefficients expressed in seconds of arc are written 
below. In this expression put m = m'/(l -f m') and expand in 
powers of m'j subtract from the result the expansion of 

(i^mf + f m'*)/(l - 4m') 

(which are the first two terms found by rectangular co-ordinates) 
in powers of m' and we obtain instead of Delaunay's series the 
expression 

-5 [(¥"»' +«»0/(l - W) -few*" - ^^m" + im¥-m" 

Cv 

-118"-25 -ll"-47 +r-83 +0"-87 -0"'16 

- Hm^rn'' + ^ mUW ^rn'^l 
+ 0"-02 - (y'-20 

Newcomb' suggests that the last term of Delaunay's expression 
is wrong and tnis expression which is deduced from Delaunay's 
would seem to support that view. I hope however to verify the 
term. Leaving this term out of consideration the increased con- 
vergency of the series is manifest. The first three terms give 
nearly the whole value of the coefficient. In the paper the other 
coefficients of the periodic inequalities of this class will be dealt 
with in a similar manner, and expansions will be given for the 
whole class of inequalities, the &ctor 1/(1 — 4m' — ...) being intro- 
duced also into the higher powers of m'. It will then not be 
necessary to go further than m'^a/a to get the values of the 
coefficients correct to one hundredth of a second of arc ; and, for 
this degree of accuracy, by the methods given the approximations, 
either K>r algebraical or numerical results, are not long. 

(2) On PaecaPa Hexagram. By H. W. Richmond. 

The author applies Cremona's method of deriving the hexa- 
gram by projection of the lines on a nodal cubic surface from the 
node. By use of a new form of the equation to this surface the 
equations of the lines are obtained in a perfectly symmetrical 
form, and their properties thence developed. 

^ M€movrt» de VAcadinUe det Sciences, Tome xziz. p. 847. 

' AMtronomieal Paperefor use of American Ephendris^ Vol. i. pt. ii. p. 71. 
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(3) A Linkage for describing Lemniscates and other Inverm 
of Conic Sections. By R. S. Cole. 

(4) Som£ experiments &n liquid electrodes in vacuum tub^ 
By C. Chree, M.A., Fellow of King's CJoUege. 

The experiments discussed in this paper were undertaken 
at the suggestion of Professor J. J. Thomson, in order to throw 
further light on the nature of the electric discharge in a vacuuiD 
tube with liquid electrodes. To render the work intelligible it 
is necessary to give a brief sketch of the general nature of the 
discharge at low gaseous pressures, and to mention certain results 
of previous observers and certain of their theoretical conclusions. 

At low pressures the phenomena at the cathode — or electrode 
to which the positive current travels in the tube — are the most 
striking, so that it is the most convenient point of departure. 
The phenomena ordinarily observed between the electrodes when 
not too near together are as follows : — 

(A) a thin luminous envelope covering the cathode, 

(B) a much thicker, but still except at very low pressures, 
short dark space, 

(C) a bright, usflally blue, space of considerable length, 

(D) a second dark space, 

(E) a more or less luminous interval extending to the anoda 

There is unfortunately no universally accepted English termi- 
nology for these spaces. The following table shows some of the 
terms most commonly used in English, and also the ordinaiy 
German terminology. 

Table I. 



(A) 
(B) 

(C) 

(D) 
(B) 

1 


1 
1 

Gebhan * 


Schuster ^^ Moulton 


Obi>ikabt ' 

USAOB 

1 


LiohtBamn 


Narrow layer 




1 


1 
dunkle Kathodenraam : Dark space 

1 


Orookes' space 

(Negative glow 
(Negative haze 


Crookes' space 


Glimmlicht 
heUe Kathodensohicht 
GlimmliohtBtrahlen 


Glow proper 


1 
( 


dunkle Trennungsraum 


Dark interval 


Negative dark 
space 


Faraday space 

1 


positive Lioht 


PosiUve light 


Positive light 
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(A), (B) and (C) are regarded as forming the negative light 
or dischai'ge, and (D) as separating the negative and positive 
discharges. (A) is very inconspicuous, if actually existent, at 
gaseous pressures exceeding 1 or 2 mm. of mercury, but at very 
low pressures it is fairly bright though very thin. 

(B) is also insignificant so long as the pressure exceeds a few 
mm. of mercury, but at very low exhaustions it has been ob- 
served to exceed a length of 2 cm. Its length has been shown 
not to depend much on the material of the cathode when metallic. 
It is also usually but little dependent on the strength of the 
current. It varies to a considerable extent with the nature 
of the gas, being according to Professor Crookes^ decidedly longer 
in hydrogen and shorter in carbonic acid gas than in air. In 
any one gas it is supposed to increase in length as the pressure 
is reduced, so that its magnitude gives a useful if not very exact 
indication of the degree of exhaustion*. The following table 
gives some of the measurements of Crookes' — altered to mm. — 
and Puluj^ for air vacua. 





Tablf. IL 








GrookoB. 








Pnlnj. 

J. 




Ptessore in mm. Length of (B) 


In"^ 


Preeanie in mm. Length of (B) in 


of Hg. xmn. 






ofHg. 




mm. 


•313 6-6 






146 




2-6 


•123 8-6 






•66 




4-6 


•078 120 






•30 




7-8 


•042 160 






•24 




9-6 


•020 25 






•16 
•06 




140 
220 



For a given length of (B) the pressures found by Crookes 
are very considerably less than those found by Puluj, a dis- 
crepancy ascribable perhaps to differences between their tubes 
and cathodes but due probably in greater measure to the un- 
certainties attending the determination of such low pressures. 

The conditions of Puluj's experiments resembled more closelv 
those of the present paper than did Crookes', so the formers 
results seem a priori the best for comparison with those de- 
scribed here. It must, however, be remembered that at the 
lowest pressures in my experiments, the gas in the tube was 
doubtless in great measure, if not almost exclusively, vapour 
from the liquid electrodes. Though not absolutely black, (B) in 

» Phil Trana. 1879, pp. 138—9. 

* PML Tram. 1879, p. 187. 

* PhiL Trans, 1879, pp. 168—9. 

* 8iUvng»beriehU Math, Nat, Claue der k, Akad., Bd. lzxzi., Abth. n. Wian, 
18S0, p. 874. 



224 Mr Ohree, On some ea^pervmenta on [June 1, 

general seems so to the eye, and the surface separating it from (C) 
is usually sharply defined. 

(C) has its brightest side next the cathode, and it is by some 
writers divided into a brighter portion, the negative glow, and 
a less bright portion, the negative haze. (C) appears almost as 
soon as the pressure is sufficiently reduced to allow the di^ 
charge to pass. It increases in length^ as the pressure is re- 
duced within at least certain limits. The transition from (C) 
to (D) is usually so gradual no exact line of separation can be 
drawn. (D) is not sdways visible. Its presence depends to a 
considerable extent on the strength of the discharge. At low 
pressures an increase in the strength of discharge tends to make 

(D) contract ^. At high pressures when the discharge first passes 

(E) consists of a succession of twig-like independent discharges, 
which, as the pressure is lowered, transform into what seems to 
the eye a tolerably uniform column whose colour in most gases, 
especially in air, is bright red. As the exhaustion proceeds the 
colour becomes less bright, and the apparent uniformity of the 
column tends to disappear. At moderate pressures such as 1 or 
2 mm. of mercury with a regular source of current, (E) consists 
in general of a succession of similar units, striae, each having a 
sharply defined luminous head on the side next the cathode, and 
gradually fading on the side next the anode into a seemingly 
non-luminous portion. At very low pressures the striae are 
sometimes very faintly defined, if existent, and (E) appears as 
a hazy luminosity, generally of a blue tint. 

Taking the simplest case, viz. a long, uniform, straight cylin- 
drical tube with fiat metal electrodes, whose planes are per- 
pendicular to the axis of the tube, and whose diameters are 
not very small, each stria in the positive column has in ana- 
tomical language an opisthocoelous form, the convex surface being 
that of the luminous head. This surface is, however, in g^enenl 
of smaller curvature than a sphere of diameter equal to that 
of the tube. Whether the positive column be striated or not, 
the surface separating it from (D) has its convexity on the side 
next the cathode. This surface is usually sharply defined when 
(D) appears at all. 

There is another phenomenon whose relation to the dischai^ 
is somewhat doubtful, viz. the phosphorescence observed in good 
vacua. The more brilliant phosphorescent phenomena are 
beautifully shown by many well-known experiments of Professor 
Crookes. He believes the '' molecular streams " or " radiant 
matter" — German '' Kathodenstrahlen" — whose incidence on the 

^ After completely oovering ft wire cathode it expancU as the oarrent 
See Hittorf, Wied. Aim. 20, 1883, p. 746. 
« Hittorf, 1. 0. pp. 736—7. 
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glass of the tube sets up this luminosity, to be gas molecules 
charged at the cathode and projected with great velocity at 
light angles to its surface. According to Goldstein and others 
the direction of projection varies to some extent from the 
Dormal. Professor Crookes^ appears to have originally thought 
these molecular streams peculiar to very low vacua and indicative 
of a fourth state of matter, bearing to the gaseous state some- 
what the same relation as it bears to the liquid. Messrs Spottis- 
woode and Moulton ' have, however, shown that phosphorescence 
can be produced at quite high pressures provided the intensity 
of the negative discharge be sufficiently increased. 

These latter observers' have treated with great fulness other 
less conspicuous phosphorescent effects. They found that under 
certain couditions a portion of the wall of a vacuum tube touched 
by the finger or having an earthed conductor in its neighbour- 
hood acts as a sort of secondary cathode, setting up phosphor- 
escence on the opposite side of the tube. They also found that 
at very low pressures the positive discharge when in the form 
of a hazy luminous column, occupying in general only a portion 
of the tube's cross-section, creates a sort of demand for negative 
electricity which may be supplied by a discharge proceeding from 
the walls of the tube in directions at right angles to its length 
and creating phosphorescence. Further when the positive column 
is cut at an angle by the wall of the tube, as at a sharp bend, 
phosphorescence appears whose position is as if it were due to 
the impact of molecules travelling along the positive column 
in the direction from cathode to anode. This latter phenomenon 
has been more exhaustively treated by Goldstein^. He found 
that at very low pressures in a tube bent at right angles any 
number of times, there is at every bend between the cathode 
and anode where the positive column extends, a patch of phos- 
phorescence, situated as if due to rays travelling from the cathode 
to the anode. Supposing an electrode at ^ in a tube AD at 
right angles to a tube BDE, and that the latter tube is closed 
at the end B, while a third tube at right angles to it leads 
from J? to an electrode 0, then according to Goldstein, if I in- 
terpret him correctly, there is phosphorescence at E whether 
the cathode be il or 0, but none at B unless C is cathode. 

Goldstein^ also describes the production of phosphorescence 
at positions which could not be ree^^hed by molecular streams 
travelling in straight lines from the cathode, which he apparently 

1 PML Trans. 1S79, pp. 142, 143, 163, 164, etc. 

« Phil. Tram, 18S0, pp. 682—6, etc. 

> 1. 0., pp. 602—6, 616—7, 620, etc. 

« Wied. Aim. 12, 1881, pp. 104—9, and figs. 16 and 17, Taf. i. 

* Wied. Ann, 15, 1882, pp. 246—254. 
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ascribes to a species of diffuse reflexion at a bend in a narrow 
part of the tube. Perhaps this is immediately connected with 
another phenomenon he observed \ viz. that if the vacuum tube 
be of variable section then a place where in passing from cathode 
to anode there is a sudden large increase in the diameter takes 
upon itself the functions of a secondary cathode, dominating the 
character of the striae on the side next the anode and emitting 
molecular streams along the axis of the tube. 

The view that phosphorescence is due to the impact of finely 
divided matter torn off the cathode by the current has been 
maintained by Puluj' and others, but it seems obviously in- 
applicable to the phosphorescence proceeding from a secondary 
cathode, or to that called in by the positive column. £ven as 
concerns the ordinary phenomena some expriments deviaed bj 
Crookes* seem very adverse to Puluj's view. It is, howev^, 
unquestionable that cathodes of most substances have matter 
torn off by the discharge, and that it is frequently largely de- 
posited on those portions of the tube where the ordinary phos- 
phorescence is most conspicuoua Messrs SpottiswooNde and 
Moulton^ have pointed out other resemblances between the action 
of the molecular streams and that of matter such as lamp-black 
actually projected from the cathode. 

As regards the function of the molecular streams in the 
discharge no final results have been obtained, though much 
speculation exists. Messrs Spottiswoode and Moulton give as 
the result of their investigations: — "At present we have come 
to no definite conclusion . . . , but we cannot say that we are 
aware of anything that conclusively shows that they (the mole- 
cular streams) have any definite electrical function to perform 
in the discbarge," 1. c. p. 650. '' The most attractive hypothesis re- 
lating to their functions is that they officiate at the birth of the 
discharge and enable it to get into the gaseous medium...,* 
1. c. p. 651. 

From the remainder of their cautiously worded remarks, I 
believe Messrs Spottiswoode and Moulton would regaid the 
function ascribed to the molecular streams by this *' attractive 
hypothesis " to be that of carriers of a convective discharge out 
into the gas. A slight modification would however adapt the 
hypothesis to the very suggestive views of Messrs E. Wiedemann 
and H. Ebert \ 

1 Wied, Ann. 11, 1880, p. 836, and Ann. 12, 1881, p. 276. 

* Wiener, 8itzung»bericht€, Bd. lzxxi., Abth. n., 1880, pp. 864—928, 
p. 878. 

* Journal of Electrical Engineers^ Vol. zz., Feb. 1891, pp. 29 — 86. 

* Phil Tram. 1880, pp. 582 and 649—650. 
» Wied. Ann. 86, 1888, pp. 217 and 268—9. 
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These observers found that the illumination of the cathode 
surface by ultra-violet light, which in general has at high gaseous 
pressures a remarkable effect in facilitating the discharge, ceases 
to have any certain effect at low pressures when the presence 
of phosphorescence shows the existence of molecular streams. 

Their explanation is that ultra-violet light promotes the dis- 
charge bv setting up at the cathode surface, apparently in the 
ether, vibrations of great rapidity such as would be produced 
by heating the cathode to a high temperature — in general a 
most efficacious way of promoting discharge — , but that the mole- 
cular streams are the consequence or the concomitant of the 
production of such rapid vibrations by some independent cause 
which they do not specify. Thus the function which the ultra- 
violet light performs at high pressures, is already fully provided 
for at low pressures. 

The point I more specially wish to bring out is this. At 
high pressures whatever tends to increase the violence of the 
negative discharge — e.g. an air spark in the circuit on the cathode 
side of the tube — tends to set up the molecular streams. There 
seems^ however, strong grounds for believing that the production 
of these streams actually facilitates the discharge, rendering it 
less violent and disruptive than it otherwise would be, especially 
at very low pressures. 

As regards the nature of the discharge itself various views 
are entertained, to some of which reference is necessary to explain 
what follows. In the opinion of Professors J. J. Thomson*, 
Schuster" and others the ordinary vacuum tube discharge is 
in a way electrolytic. The molecules of gas become dissociated 
and the atoms act as carriers of positive and negative electricity. 
The heating of the cathode or anode, as the case may be, or the 
iffesence of a heated wire, influences which have been shown by 
Hittorf, Elster and QeiteP and others to promote discharge 
in a wonderful way, operate on this theory by dissociating the 

5 as and so furnishing atoms ready to respond at once to the 
irective action of the external source of electricity. At a 
luminous part of the discharge there is a production of heat 
owing to the coming together of oppositely charged atoms, at a 
dark part such coalitions are rare. Other writers, e.g. Lehmann ^ 
and E. Wiedemann *, regard the discharge as usually of two co- 

1 Phil. Mag, Vol. xv., 1883, pp. 427—434; Aug. 1890, pp. 129—140; March 
1891, pp. 149—171, etc. 

 Proceedingg of tfie Royal Society, Vol. xxxvii., 1884, pp. 317—839, and Vol. 
xtn., 1887, pp. 371—9. 

» Wied. Ann. 21, 1884, pp. 106—139. 

* Wied. Ann. 37, 1889, pp. 315—329, and Ann. 38, 1889, pp. 27—89, etc. 

* Molehdarphyrik, Bd. n. pp. 220 et teq. 
< Wied. Ann. 35, 1888, p. 256. 
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existent but more or less independent parts, a dark piobabi? 
convective discharge independent of chemical action, and a lu- 
minous discharge. Lehmann's idea is something of the following 
character. The luminous discharge is essentially disruptive and 
intermittent whatever be the nature of the source of electricity. 
Hittorf* and Hom^n* it is true, employing for the source a large 
number of cells, have imagined they got a steady luminous dis- 
charge through the tube like the current in a metallic conductor. 
But their reasons for this view such as the silence of a telephone 
in the circuit are, according to Lehmann ', not conclusive, bwaose 
the steadiness of the current outside the tube does not necessanly 
prevent its being intermittent inside. He regards the electrodes 
as charging and discharging like condensers, requiring a certain 
potential depending on the density, temperature, etc. of the gas 
before the luminous discharge is possible. Simultaneously, how- 
ever, the electrodes leak into the tube, the discharge bemg 
carried off probably convectively without any necessary lumi- 
nosity. An increased brilliancy in the tube only implies an 
increased quantity of electricity passing at each individual lu- 
minous discbarge, and thus it accompanies whatever raises the 
capacity of the electrodes or affords an obstacle to rapid dis- 
charge. This explains the action of an air spark in the circuit 
outside the tube. A diminished brilliancy may mean the passage 
of a smaller current, or it may indicate an increased rapidity in 
the succession of luminous discharges without any alteration in 
the current outside the tube, or it may indicate the operation 
of some agency facilitating the convective discharge. It is to 
one or both of the latter causes that Lehmann would ascnbe 
the effects of heating a cathode or exposing it to ultra-violet 
light. It is unc]uestionable that in many such cases the diminu- 
tion in the luminosity of the tube is very striking. Lehmann 
does not regard the luminous discharges at the anode and cathode 
as having any necessary relation in the rapidity of their suc- 
cession. He regards a red colour as merely indicating a strong. 
a blue colour a weak discharge. Thus if, as usual, the positive 
discharge is red and the negative blue, the difference is to be 
accounted for either by the generally smaller cross-section of the 
positive column, or by the interval between successive discharges 
being longer at the anode than at the cathode. 

A good many writers while recognizing a convective discbarge 
ascribe it to the action of dust particles *. These may exist w 

1 Wied, Ann, 20, 1883, pp. 706—712, tetc. 

* Wied, Ann, 38, 1889, pp. 172 et »eq, 
' Molekularphynk, Bd. ii. pp. 234 — 7. 

* Molekularphysikf Bd. n. p. 267. 

See Lenard and Wolf, Wied, Ann. 37, 1889, pp. 443-466. 
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the original gas or be derived from the cathode by the dis- 
integration which has been shown to accompany the passage of 
the discharge, and in many cases at least to follow the incidence of 
ultra-violet light. 

Whatever the nature of the discharge may be it certainly does 
not follow Ohm's law. Hittorf and Hom^n, using a current which 
outside the vacuum tube seemed steady and continuous, found 
under certain limitations— -depending on the spread of the ne- 
gative glow over the cathode — that the potential difference at 
low pressures between the electrodes was nearly independent of 
the strength of the current. At very low pressures the fall of 
potential took place in great measure quite close to the cathode 
surface. Hittorf^ found in the positive part of the discharge a 
more or less regular fall of potential, and this fall per unit length 
of tube was much greater than that in the non-luminous Faraday 
space. Thus here at least non-luminosity seems to indicate 
diminished resistance. 

As one of the liquids I tried was mercury some points con- 
nected with discharge through Hg. vapour claim special notice. 
Mercury vapour being usually considered mon-atomic, it is clear 
that discharge through it presents some peculiarities on the 
electrolytic theory of discharge, there being no very obvious 
means of separating the gas into carriers of positive and negative 
electricity. 

This peculiarity drew to it the attention of Professor 
Schuster' who states as the result of very careful experiments: 
— "I find that if the mercury vapour is sufficiently free from 
&ir, the discharge through it shows no negative glow, no dark 
spaces, and no stratifications." He also found the discharge to 
present almost exactly the same features at both electrodes. The 
introduction of a very slight trace of air set up the Crookes' 
dark space at onca Experiments in agreement with Schuster's 
are described by Natterer'. Professor Crookes* has, however, 
arrived at results diametrically opposed to those of Professor 
Schuster. After taking the greatest pains to prevent the pre- 
sence of any foreign gas, he found a distinct Crookes' space and 
at least traces of a dark Faraday space. He employed aluminium 
electrodes, while Professor Schuster preferred them of platinum 
with only a small surface exposed. 

Elster and Qeitel' examining the effect of the presence of 
a heated wire in a tube on the contained gas, found mercury 

> WUd. Ann. 20, 1883, pp. 726 et sea. 

* Proceedifigt of the Royal Society, Vol. xxxvii., 1884, p. S19. 

> Wied. Ann. 88, 1889, p. 669. 

* Journal of Electrical Engineen, Vol. xx., Feb. 1891, pp. 44—6, 
» Wied. Ann. 37. 1889, pp. 819 and 827. 
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vapour to possess the rare, if not unique, property of showing 
no electrification. This of course fits in extremely well with 
the electrolytic theory, which these writers seem to favour. 

Oassiot more than thirty years ago made some intei^esting 
experiments on mercury. His apparatus was so constructed that 
he could have for his electrodes either metal wires or the 1^. 
surface itself. Describing the appearance of the discharge as 
the mercury rose in the tube, he says, " as soon as the mercuiy 
ascends above the negative wire, a beautiful lambent bluish 
white vapour appears to arise, while a deep red stratum becomes 
visible on the surface of the mercury," p. 4. This red glow 
was only sometimes apparent. In one place Oassiot suggests it 
may be due to impurities in the mercury, in another he considers 
it analogous to the glow on a platinum wire electrode, but he 
seems to have arrived at no final conclusion. A mercury surface, 
he says, when cathode is all covered with a luminous white 
glow, but when anode only the extreme point is luminous. He 
records numerous observations on striae in tubes in which 
mercury was present, but it is not always easy to follow the 
exact conditions of the experiment. He mentions that by re- 
ducing the temperature of a vacuum tube containing mercury to 
— 102° F. or raising it to 600° F. he caused the striae to disappear. 
He also on several occasions got rid of striae at ordinary tem- 
peratures by using for cathode the surface of the mercury itself. 
Thus on p. 7, Phil. Trans. 1858, he says, "...immediately it 
(the mercury) covers the negative wire the stratifications dis- 
appear, and the interior of the globe is filled with bluish light." 
I think one may fairly conclude from his experiments that the 
nature of the electrodes and especially of the cathode exercises 
an important influence on the phenomena observed in the dis- 
charge through mercury vapour. 

In the experiments now to be described I used the secondary 
current from an induction coil, varying the primary current ac- 
cording to circumstances. When the resistance in the vacuum 
tube circuit is sufficiently large only the direct extra current 
passes. The appearance of the discharge shows at once whether 
this is the case. 

The tubes which I employed were constructed by Professor 
Thomson's assistant, Mr Everett, who rendered me valuable assist- 
ance in the course of the experiments. As the first tube had 
only a brief existence it will suffice to describe the second which 
resembled it in all essential points. The diagrammatic sketch, 
fig. 1, p. 231, will explain the general character. The nature 
of the electrodes varied but their position in the tube was fairly 

1 Phil, Trans. 1868, pp. 1—16, and 1859, pp. 137—160, 
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coDstant. For one of the vertical tubes, say AE, the distance 
of D above the electrode was 170 mm. of which the lowest 
100 mm. was of uniform diameter, 13'5 mm. externally. Above 
this the tube narrowed for some 12 mm. and then continued of 




A^J 



Fig. I. 



Ob 



uniform external diameter 8 mm. up to J? at 250 mm. above 
the electrode. The horizontal tube DF had an external diameter 
of 6 mm. and a total length of 160 mm. Thus the total distance 
between the electrodes was about 50 cm. These measurements 
were not made with any great exactness and the surfaces of the 
electrodes were not kept at a perfectly constant level. The 
tube CHP led to the mercury pump, CH being vertical, and 
HP parallel to DF, This tube was of about the same diameter 
BisDK 

Supposing the tube AD to have a liquid electrode, this was 
connected with the exterior by a fine wire whose top was about 
1 cm. below the liquid surface, and which passed down air-tight 
through the bottom of the tube. 

The point to which Professor Thomson originally directed my 
attention was the question whether there was any change in- 
troduced in the liquid surface by the discharge which altered 
the subsequent character of the luminous appearances. As my 
results on this point are intelligible only when the form of the 
discharge has been described, their discussion is postponed to a 
later part of the paper. 

There were three sets of experiments on mercury. In the 
first both electrodes were mercury surfaces; in the second one 
was mercury, and the other an uncovered platinum wire ex- 
tending some 2 cm. up the axis of one vertical tube ; in the 
third set the platinum wire was replaced by a flat horizontal 
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plate of aluminium. The gas originally in the tubes was always 
air, and a mercury pump was used. 

In all three cases the following phenomena were observed 
in the Hg. tube — i.e. the branch containing a mercury electrode. 
At fairly high pressures when the spark nrst passed freely the 
positive discharge was bright red, as is usual in air. As the 
pressure diminished the colour became whiter, and there ap- 
peared numerous striae, a distinct Faraday space, and a whitei^ 
blue negative glow. Before the striae became conspicuous the 
discharge left an Hg. anode from its extreme summit, but as 
the exhaustion proceeded it left from an increasing area, till 
finally the whole surface became luminous. 

A^ the pressure was diminished there appeared what seemed 
to be a Crookes' space over an Hg. cathode. It was not so clearly 
defined as that space usually is, but the surface separating it from 
the negative glow was at first tolerably distinct This surfieLce 
was convex like the Hg. surface itself and had a very similar 
curvature. This Crookes' space was, however, by no means very 
dark, being in general of a distinctly red aspect, and on occasions 
almost fiery in appearance. The introduction of a minute air 
bubble into the tube made the boundary of this space appear 
much more distinct. As the pressure was further reduoed the 
Crookes' space increased in length and the top of the Faraday 
space moved up the tube. This went on until the Faraday 
space extended to 80 or 90 mm. from an Hg. cathode. At this 
stage the stratification in the tube containing an Hg. anode 
was fairly distinct, the length of a stria being about 1 cm. and 
its luminous portion being nearly pure white. After this stage 
there appeared a change in the character of the phenomena most 
conveniently dealt with in the separate discussion of the different 
sets of electrodes. 

Electrodes hoik Hg. surfojces. 

When the stage just referred to was reached in this case, 
the variety in the appearances at different parts of the discharge 
tended to disappear, the whole assuming a more or less uniform 
white colour. The Faraday space seemed on some occasions 
certainly absent, and the Crookes' space became, to say the 
least of it, exceedingly indistinct. The difficulty of coming to 
a decision as to the existence of these spaces was much in- 
creased by the deposition of matter on the walls of the tube 
containing the cathode. The nature of this deposit was the 
same as that described in the next case. All I can say with 
certainty is, that the red-black space — assumed to represent 
Crookes' space — did not continue to expand continually as the 
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exhaustion proceeded. It seemed when longest to reach as far as 
1cm. above the cathode, becoming less distinct as it expanded. 
At the lowest pressures reached, however, while the 4 or 5 mm. of 
the tube immediately above the cathode were perhaps somewhat 
darker than the average, the luminosity had certainly attained a 
maximum within not more than 7 or 8 mm. of the Hg. surface. 
The stage at which the Faraday space became indistinct depended 
to some extent on the nature of the break in the induction coil. 
With a rapid break and quiet spark the luminosity fell off and 
the Faraday space remained longer distinct. 

Electrodes Hg. surface and Pt. wire. 

With electrodes so different in form the variations in the 
phenomena cannot be entirely ascribed to difference of material. 
According to Goldstein' an alteration in the size of the anode 
does not affect the striae in a stratified discharge, but a dimi- 
nution in the size of the cathode while leaving unaltered the 
length of the individual striae increases the distance of the head 
of the positive discharge from the cathode. E. Wiedemann* 
found that the relative facility of discharge between points and 
between plates changes with the pressure. Thus at pressures 
over 1 mm. he found the discharge to pass between points and 
not between plates at the same distance apart, whereas at lower 
pressures it passed most easily between the plates. Lehman n' 
lays down some apparently general laws as to the effects of 
making blunter a cathode, but he does not always seem con- 
sistent on this point, and I have some doubts as to how far he 
bases his views on experiment. So many secondary influences 
are at work, such as the size of the tube and the distance of 
the electrodes, especially when comparable with their transverse 
dimensions or with the length of Crookes' space, that one would 
hardly expect a priori any simple general law to apply. 

At the lower pressures the platinum wire rapidly became 
red hot and the deposit on the tube around it became very 
thick, so that, it was impossible to see anything of the Crookes* 
space. If it did exist it must have been considerably less than 
the Crookes' space in the Hg. tube when that was last seen 
distinctly. The comparison instituted was thus between the 
distances from the cathodes of the further extremity of the 
Faraday space, i.e. the head of the positive discharge. The 
following are some of the data obtained, the simultaneous lengths 
of the Crookes' space at the Hg. cathode being given when 
noted: 

1 Wied. Ann. 12, 1881, p. 276. 

« Wied, Ann. 20, 1883, pp. 796—7. 

a MoUkularphysik, Bd. ii. pp. 277—8, and Wied, Ann. 22, 1884, pp. 320—1. 
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Table III. 

Hg. Gathode 


Pt Cathode 


f 

Length of 

Grookes' 

space. 

4 
5 

7 


Distance above cathode 

of head of positive 

discharge. 

30 
35 
60 
65 

75 


Distanoe above cathode 

of head of poaitive 

diachaif^ 

13 
14 
20 
20 
20 



The distances are in mm., and are all measured from the 
upper extremity of the cathode. The observations recorded b 
the same horizontal line were taken in immediate succession, 
the make and break regulator of the induction coil remaining 
untouched. The uniformity of the pressure and of the make 
and break was tested by reversing the current twice, which 
showed whether the appearances at the surface which was first 
cathode had altered during the observations. The experiments 
extended over a considerable interval and the tubes were cleaned 
out and refilled more than once, thus the difference between 
the cathodes shown by the table, which was confirmed by nu- 
merous observations in which accurate measurements were not 
taken may, I think, be fuUv relied on. The table shows that 
the distance above the catnode of the head of the positive 
column was on an average about thrice as much when the 
cathode was mercury as when it was platinum. The difference 
wsB greater the lower the pressure. At the highest pressures 
when the Faraday space first became distinct no exact measure- 
ments were recorded, but the difference though then not so 
striking as in the table was still conspicuous. As the exhaustion 
proceeded very slowly and both tubes were at intervals heated 
up by a burner, the difference can hardly be attributed to any 
great extent to a difference in the gaseous contents of the two 
vertical tubes. 

The difference may be due to the difference in the material 
of the electrodes or to the dissimilarity of their sizes and shapes. 
According to Goldstein the effect of the difference in size of the 
cathodes should have tended in the opposite direction. For 
reasons explained in treating of the next case, I am inclined to 
attribute the difference in considerable measure to the difference 
in shape. 
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Appearance of Discharge. 

The tube containing the Pt. electrode always showed a redder 
tint than that containing the Hg. electrode under similar con- 
dition& 

At a certain stage of exhaustion the former tube was some- 
times the redder even when the Hg. surface was the anode. 
At the lowest pressures, however, the difference between the 
colour of the tubes was inconspicuous, both being prevailingly 
white. At the highest pressures the spark left the tip of the 
Pt anode and the extreme summit of the Hg. anode, but as 
the exhaustion proceeded it gradually extended down the Pt 
anode and spread over the surface of the Hg. anode. Eventually 
the positive column covered the whole of the Hg. surface, but 
withm 1 or 2 mm. up the tube it had contracted somewhat in 
diameter, leaving an annular dark space between it and the 
dass. The Faraday space became gradually indistinct over the 
Hg. cathode, and the same phenomenon appeared over the Pt. 
cathode but at a lower pressure. Thus at one stage of the ex- 
haustion the appearances in the two tubes when containing 
the cathode were widely difierent At the lowest pressures 
reached, both tubes, so far as clearly seen, were very similar in 
appearance, and the phenomena agreed with those observed when 
both electrodes were of mercury. 

Phosphorescence. 

For clearness let us suppose, as was actually the case, A the 
Hg., B the Pt. electrode. In the tube BQ the phosphorescence 
first appeared at the level of the upper portion of the wire, and 
gradually spread both up and down as the exhaustion proceeded, 
reaching the summit of that tube. In the tube AE the 
phosphorescence hardly appeared within 2 cm. of the Hg. surface. 
In the lower parts of both tubes phosphorescence was most 
brilliant at about the positions of the Faraday spaces at the 
lowest pressures, and so at a much higher level in AE than in 
BO. Also the phosphorescence at E was much more intense 
than that at 0, though the latter was very well marked. 

At the lowest pressures reached a faint nebulosity, presumably 
the positive column, extended to a considerable distance along the 
tube CHP. It was difficult to detect when the platinum was 
cathode, but when the mercury was cathode it could be traced 
almost as far as the pump. 

There then appeared at fT a patch of phosphorescence on the 
convex side of the bend. This was very faint when the platinum 
was cathode, but when the mercury was cathode it was fairly 
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bright. This is clearly a variety of the phenomena observed by 
Goldstein and by Spottiswoode and Moulton, but it seems worth 
noticing as the tube GBP did not lead to an anode. The Hg. 
column in the pump did not lead to earth, and further the 
luminosity in HP decreased as the distance from H increased, 
which it would hardly have done if the pump had acted as anode. 

Deposit on the tubes. 

In the tube BO containing the platinum there were two, 
generally distinct, principal areas of deposit on the glass. When 
the platinum had served for some time as cathode there was a 
dense black deposit from a little above the level of the top of 
the wire downwards, and a second less dense deposit separated 
in general from the lower by an almost perfectly clean and 
sharply defined area only about 1 mm. broad but extending 
right round the tube. Roughly speaking, the upper deposit ex- 
tended to about the highest level attained by the extremity of 
the Faraday space, but there were traces of it further up the 
tube. Thus the portions of the walls of this tube where the 
deposit was thickest were precisely those where the phosphor- 
escence was strongest ere the darkening of the glass reduced 
its brightness. At the same time phosphorescence was con- 
spicuous on the narrow patch of clean ^lass separating the two 
principal areas of deposit, and also in the upper portion of the 
tube FG where no deposit was seen. 

In the tube AE the permanent deposit extended in general 
from 20 or 30 to 80 or 90 mm. above the Hg. surface, none ap- 
pearing in the neighbourhood of E. It was nowhere so thick as 
that on the other tube. Looking at it in strong light one oould 
see small drops of mercury scattered about, but its exact com- 
position was not determined. There were other deposits of a 
more temporary character near the Hg. surface. One had the 
appearance of dew spreading up the tube for a few millimetres 
when the Hg. was made cathode, and gradually creeping down 
when the current was stopped, taking only a short time to dis- 
appear. It was seen only at low pressures. In some cases 
there was a sort of white deposit separated from the Hg. surface 
by a clear space of a few millimetres, which increased apparently 
as the exhaustion proceeded. On readmitting air to the tube 
this last form of deposit in great measure disappeared. What 
has been called above the permanent deposit had a blackish 
colour and was but little affected by the readmission of air. 
These deposits by obscuring the portions of the tube where the 
Faraday and Crookes' spaces had to be looked for, increased very 
much the difficulty of reaching final conclusions as to the existence 
of these spaces at the lowest pressures. 
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Electrodes Hg. and Al. 

The alumiDiuin electrode was a flat circular plate of about 
two-thirds the internal diameter of the tube. The following ob- 
servations were taken on several occasions: 







Table IV. 






Hg. Cathode 






Al. Cathode 


IjengtU of 

Crookes' 

space. 


Distance 

above 
cathode of 

top of 
negative 

glow. 


— s 

Distance 
above 

cathode of 
head of 
positive 

discharge. 


Length of 

Crookes' 

space. 


Distance 

above 
cathode of 

top of 
negative 

glow. 


•5 




18 








8 


20 




5 


•5 


11 


22 




7 


1 


15 


23 




125 


•75 




24 
25 
30 






1-5 




40 






2 




40 
40 






8 




80 


6 





Distance 
above 

cathode of 
head of 
positive 

discharge. 

11 

12 

13 

16-5 

18 

17 

20 

32-5 

30 

25 

70 



The distances are in millimetres, and were all measured from 
the centre of the cathode surface. At the higher pressures the 
upper limit of the negative glow was pretty distinct and so has 
been recorded above. Observations in the same horizontal line 
were taken in rapid succession as in the case of Table ill. The 
ratio of the mean distance from the cathode to the end of the 
positive column when the cathode was mercury to the corre- 
sponding mean distance when the cathode was aluminium is as 
1*37 : 1, and so is very much less than the ratio found when the 
solid electrode was platinum. Since no such striking difference 
between the metals platinum and aluminium as electrodes seems 
to have been noticed by previous observers, the inference would 
seem to be that we are here concerned with the size and shape 
rather than with the material of the cathode. 

Owing to the appearance of a slight crack in the tube with 
the Al. electrode its base had to be immersed in mercury con- 
tained in a paraffin cup. Thus the length of the Crookes' space 
when short could not be accurately observed without lowering 
the cup. This was not done in the cases recorded in the table, 
to avoid the risk of leakage, variation of current, etc., but on 
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other occasions such observations were taken and it was found 
that from the highest pressures where it was visible down to 
the lowest in the above table, Crookes' space appeared slighUj 
but distinctly longer over an Hg. cathode than over au AL 
cathode. 

Appearance of the discharge. 

Under similar conditions the Al. tube was always redder 
than the Hg. tube, though both were at the lowest pressures 
mainly white. When the pressure was reduced to a certain 
stage, the Faraday space over the Hg. cathode became more 
and more indistinct till it seemed to vanish. The Faraday 
space over the Al. cathode was at this stage unmistakeable, 
but at a lower pressure it too eventually became undistinguish- 
able. The way in which the Faraday space over the Hg. cathode 
disappeared was rather remarkable. 

The pressure reached a point at which the appearance in the 
tube was unstable. There might be an unmistakeable Faraday 
space and negative glow, and tnen a sudden transition to a stage 
in which distinct striae reached down the tube to near the Hg. 
surface. During this time the discharge in the Al. tube showed 
no fluctuation. As the pressure was carried lower the striae 
became less and less distinct until the Hg. tube whether the 
Hg. were cathode or anode seemed an almost uniform white. 
The lowest 5 or 6 mm. in the tube appeared sometimes per- 
ceptibly, sometimes doubtfully darker than the rest Distinct 
striae eventually ceased to appear even in the Al. tube, but it 
showed to the end an unmistakeable Crook es' space which how- 
ever was becoming increasingly indistinct at the lowest pressures 
reached. 

The greatest length reached by the Grookes* space over the 
Al. cathode was 14 mm. At this stage the tube containing 
the Hg. cathode was as bright as anywhere within 7 or 8 mm. 
of the mercury surface. 

Phosphorescence, 

When the aluminium was cathode phosphorescence extended 
at the lowest pressure throughout the whole of the tube BGj 
whereas when the mercury was cathode phosphorescence was 
not observed within some 2 cm. of its surmce. The phosphor- 
escence at the top E of the Hg. tube was always brighter than 
that at Q at the same exhaustion. At the best exhaustion with 
the Hg. cathode there was distinct luminosity along the tube 
CHP as far as the pump, a distance of 42 cm. from H, and a 
patch of phosphorescence was distinctly visible at H, At the 
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same exhaustion with the Al. cathode a faint luminosity was 
seen to some distance past H^ and a very faint phosphorescence 
could be made out at the bend. 

Deposit on the tubes. 

In the Hg. tube there were the same deposits as before, and 
a further one was observed under the following circumstances. 

On several occasions on examining the Hg. surface by day- 
light it was found to present a yellow metallic appearance. The 
conditions preceding its first appearance were as follows. An 
air-bubble which had remained under the mercury was driven 
up whilst the discharge was passing. Mercury splashed up tlie 
walls of the tube and adhering to some extent presented a 
concave surface. Some observations were taken with the surface 
in this state, and next day it was noticed that the surface was 
yellowish, and that there were traces of a yellow deposit not 
only up the tube AE but also at intervals along DF and even 
for some distance down FB. 

On another occasion when the tube had just been carefully 
cleaned and dried and fresh mercury introduced, I noticed after 
passing the spark both ways for some time that the Hg. surface 
though retaining its ordinary convexity had a decidedly yellow 
appearance, and that the tube near it was slightly yellow. Air 
was allowed to leak in, and the tube being left for some days 
appeared when next examined quite clean, while the Hg. surface 
had its usual colour. When however the tube was again ex- 
hausted and left for some days, the Hg. surface and a few 
millimetres at the base of the tube were found yellow as before. 
However, on passing the spark the phenomena had their normal 
character — which was not the case when the mercury surface 
was concave — and on re-examining the tube the yellow colour 
was found to have entirely disappeared and it was not observed 
again. With the exception of the yellow patches above men- 
tioned and a narrow dark ring sometimes observed on the glass 
near the head of the positive column, the tube with the Al. 
electrode showed no distinct deposit The origin of the yellow 
colour was not discovered. Its appearance in the tube FB sug- 
gests but does not prove a capacity in the discharge to transport 
particles from a cathode surface round comers. The transporting 
agency might of course have been vapour rising from the Hg. 
surface and condensing on cooler portions of the tube. 

Effect of sudden alteration of the Hg. surface. 

The experiments on this point were those first carried out. 
Both electrodes were then of mercury, and the tube CHP instead 
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of being fused to the pump as it was during the other experi- 
ments, was connected to it by some thick-walled india-rubber 
tubing. The mode of altering the surface was simply by shaking 
or vigorously tapping the tube. With the head of the positive 
column from 9 to 30 mm. above the cathode, the stage at which 
the Faraday space was most distinct, no certain change in its 
position was observed to follow the alteration of the surface. 

The only stage of exhaustion at which a distinct effect of any 
kind was observed was that where the Faraday space seems to 
be in the act of disappearing. On first starting the current, 
especially with a slow break and noisy spark, there appeared 
more or less uniform whiteness in the cathode tube and in- 
distinct striae in the anode tube. After the discharge had 
passed a short time, the colour tended to fade out of a portion 
of the cathode tube., roughly speaking, between 30 and 90 mm. 
over the Hg. surface, and phosphorescence became much more 
conspicuous, especially in this pigurt of the tube ; also the striae 
in the anode tube became more distinct. A shaking or sharp 
tapping of the tube instantly restored the more or less uniform 
white colour throughout the cathode tube and tended to obliterate 
the striae in the other tube. The effect lasted only a short time, 
the discharge gradually reverting to the appearance it presented 
before the disturbance. This phenomenon invariably presented 
itself under the conditions stated. The only explanation that 
occurs to me — suggested by the views of Messrs E. Wiedemann 
and H. Ebert — is that, at least at certain stages of exhaustion, 
the condition at the cathode surface which leads to the pro- 
jection of molecular streams takes some time for its full develop- 
ment, and that on its development the successive dischargee 
follow one another more rapidly and consist each of a smaller 
quantity of electricity. The shaking of the tube and consequent 
aistribution of fresh mercury over the cathode surface restores 
the original conditions, which are less favourable to the production 
of molecular streams. 

Electrodes H,SO^ and Al. 

In the next set of experiments the electrode in AE was some 
pure sulphuric acid, the aluminium plate electrode in the other 
tube being retained. 

Some experiments with sulphuric acid electrodes have been 
described by Paalzow\ He gives an interesting account of the 
electrolysis of the acid, and of spectroscopic observations on the 
discharge. He observed the positive discharge to start from the 
line of separation of the fluid surface and the wall of the tube. 

1 Wied. Ann. 7, 1879, pp. 130—135, 
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As I hardly follow his description of the appearances at the 
cathode I give his own words : " Von der negativen Fliissigkeits- 
oherflache selbst erhebt sich in einigem Abstaude von derselben 
ein schwach conischer Lichtring, ahnlich wie die Flamme eines 
ringfbnnigen Brenners," p. 131. With increasing exhaustion : 
** um so mehr verlangert sich dieser negative Lichtcylinder, und 
um so grosser wird sein Abstand von der Flussigkeitsober- 
flache/* p. 132. At very low pressures he observed the pheno- 
mena to be much the same at both electrodes. 

In this case my observations commenced as soon as the 
pressure was sufficiently reduced for the discharge to become 
visible in a dim light This invariably occurred when the alu- 
minium was cathode, and the luminosity took the form of a 
thin purplish negative glow. At somewhat lower pressures the 
AL tube was fairly luminous whether it contained the cathode 
or anode, the H,SO^ surface when cathode showing a thin blue 
glow. The horizontal tube and a small portion of the tube AE 
below D then showed a red spark discharge. The greater portion 
of the latter tube remained however dark, except that at in- 
tervals red twig-like discharges passed down it. At this stage 
the spark in the tube DF was most twig-like and of least diameter 
at that end which was nearest the cathode, whether Al. or H^SO^ . 
The pressure had to be further reduced to a considerable extent 
before luminosity could be detected at the H,SO^ surface when 
anode. When the discharge was first clearly seen at an H^SO^ 
anode it took the form observed at pretty low pressures with 
an Hg. anode. Throughout the greater portion of the tube the 
positive column appeared as a solid cylinder of considerably less 
diameter than the interior of the tube, but near its base this 
cylinder increased in diameter so as just to fill the tube on 
reaching the liquid surface. 

At this stage the appearance in the tube AE over an H^SO. 
cathode took the following form. A column of very small 
diameter, usually bright red in colour, extended down the axis of 
the tube to within a short distance of the liquid surface. The 
end of this column was sometimes truncated, but frequently it 
presented a sharp point like that of a pencil. Over the liquid 
surface, completely occupying the cross-section of the tube, there 
existed the ordinary blue negative glow. At first this was sepa- 
rated by several millimetres of a dark, presumably Faraday, space 
from the red column, but as the exhaustion proceeded while the 
head of the column retired from the H SO^ surface the negative 
glow overtook it. With progressing exhaustion the point and a 
gradually increasing length of the red column were immersed in 
the blue glow. The difference in colour rendered the red column 
conspicuous through the blue glow, but I am unable to say 
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whether the two were actually in contact. Possibly they may 
have been separated by a thin hollow conical dark space. 

At this stage the tube containing an Al. cathode showed a 
positive column whose diameter was several times greater than 
that of the column just described. Further, the head of the 
positive column over an Al. cathode had the usual convexity, and 
was separated by a distinct Faraday space from the negative glow. 
As the exhaustion proceeded an ordinary Crookes' space appeared 
over an Al. cathode, and the other phenomena seemed of the usual 
type. Over an H^SO^ cathode, however, the phenomena seemed 
of an exceptional kind. 

The liquid surface was of course concave, the depression of 
the vertex below the rim being about If mm. Thus on looking 
sideways at the tube one saw a curved dark line answering to 
a vertical section of the liquid surface. Between this and the 
horizontal plane through the rim of the suiface there appeared 
a blue tint. This might have proceeded from a luminous film 
over the liquid surface or merely from the reflexion of the glow 
further up the tube. Now supposing a Crookes' space to exist, 
the surface separating it from the negative glow would by analogy 
from other cases be expected to resemble in form the liquid 
surface. Thus so long as the thickness of this space was less than 
the sagitta of the liquid meniscus, one would have expected the 
blue negative glow to pass near the axis of the tube into the 
blue of the liquid surface, while close to each of the tube walls 
one would look for a dark space shaped like a right-angled 
triangle, with a curved hypothenuse answering to the surface 
of the negative glow. Let us call this type (a). An idea of 
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it will be easily derived from (6), fig. 2, by supposing ACB non- 
existent. The spaces HAD and KBE are to be supposed black, 
while below DABE and above HABK blue prevails for some 
distance. DABE represents the liquid rim cutting the surface 
HABK of the negative glow in the straight line AB, At lower 
pressures one would have expected to see the length AB 
gradually diminish, till finally there appeared over the whole 
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liquid surface a black space, which would appear to the ey^ to be 
bounded below by a straight line and above by the curve of 
intersection of the negative glow by a vertical plane. Let us 
call this type (d). These types were actually observed, but in 
addition two other types were seen, viz. those represented by (6) 
and (c), fig. 2. 

In both, DABE represents the rim of the liquid surface as 
seen by an observer's eye at the same level. In (6) the small 
areas HAD, KBE had a black appearance, but were in general 
not conspicuous. The negative glow extended from HABK for 
some distance up the tube as in type (a). But it now showed a 
sort of tuft ACS of a much whiter and less translucent blue than 
the rest, with more or less distinct curvilinear boundaries which 
seemed to cross at C and gradually fade away beyond it. In (c) 
there was no trace of any black spaces, and the tube appeared 
prevailingly blue all the way up with the exception of an almost 
pure white tuft ACB, It had a tolerably distinct outline except 
at the top C where the colour passed gradually into blue. It was 
sometimes more conical and sometimes more depressed seemingly 
than in the figure, but exact measurements were not attempted. 

A slight unsteadiness in the type (c) happened to catch the 
eye when looking at the liquid surface while putting on the 
current Further examination led to the following results. 

After keeping the pump at work for some time and then 
suddenly starting the discharge with the 11,80^ as cathode one 
saw a sort of white cloud instantly gather in the tube, separated 
apparently from the liquid surface by from 2 to 4 mm. of a 
dark interval. The cloud, however, immediately stretched down 
the tube and transformed into the appearance (c). This trans- 
formation was on several occasions so distinctly seen that the 
observer could hardly be mistaken ; but it was not always seen 
under these conditions. The whole thing happened so fast that 
sometimes all one could say was that some rapid change had 
occurred. When the current was simply stopped and renewed 
without intervening exhaustion, the tuft appeared at once in the 
position shown in the figure. 

I am not aware of previous observations on the form of the 
negative ^low near concave cathodes forming surfaces of revolu- 
tion, and it would obviously be very difficult to see what actually 
exists within the rim of such a cathode. Professor Crookes, how- 
ever, in Plate 14, Phil, Trans, 1879, gives some beautiful coloured 
illustrations which show the negative glow and the Crookes' space 
near a concave cylindrical cathode. I would more especially draw 
attention to his illustrations h and c fig. 11, which show a great 
concentration of negative glow near the plane of symmetry 
through the axis of the catnode. In Crookes fig. h there is a 

VOL. VII. PT. IV. 19 



244 Mr Chree, On some experiments on [Junel, 

regular tuft, and in his figure c the appearance of a bundle of rays 
projecting into a dark Faraday space. In fact if in these figures 
all to the left of the plane through the rim of the cathode were 
removed there would be a considerable resemblance to the pheno- 
mena illustrated by my (6) and (c) fig. 2. The principal diSerence 
is that with Crookes' electrode there appears to have been a 
Faraday space limiting a distinct and, except in the plane of 
symmetry, thin negative glow, whereas with the H^SO^ cathode 
no such distinct Faraday space was seen. 

I would also call attention to Crookes' fig. 2, p. 643, Phil. 
Tran8,y 1879, as showing a concentration of negative glow in 
positions opposite the hollows of a corrugated cathode. 

The resemblance of the boundaries of ACB in (6) and (c) 
fig. 2 to caustic surfaces unquestionably suggests that we may 
have here to do with some species of emission from the sur&ce 
separating the liquid and gas, each element of the surface acting 
as a source more or less independent of its neighbours. If, as 
seems to be the case with the molecular streams*, the direction of 
emission from the elements near the rim deviates more than else- 
where from the normal to the surface, one can easily see that there 
would be Vi crossing of the trajectories near the axis of the tube, 
even close to the liquid surface. 

The sudden change noticed when the type (c) fig. 2 appeared. 
might be accounted for by the discharge leaving at first from only 
a portion of the liquid surface, or possibly it may be connected 
with the rise of the small bubbles accompanying the electrolysb 
which take some short time to reach the surface. 

The following table gives results from several series of observa- 
tions, all data m a horizontal line being taken in immediate 
succession with a constant rate of make and break. All the dis- 
tances are in millimetres. Except at the highest pressures even 
the approximate position of the upper end of the negative glow 
could not be fixed. Such an entry as "7 -h" in the column headed 
"Distance... glow" means that the glow reached to some unde- 
termined height above the point of the red column. In the case 
of the HgSO^ cathode all the distances were measured from the 
rim as the most convenient starting-point. It ought to be remem- 
bered, however, in instituting any comparisons that in the axis of 
the tube the true liquid surface was some If mm. below the rim. 
The negative glow in type (d) had a considerably greater curva- 
ture than the liquid surface, so that its distance from that surface, 
measured parallel to the axis of the tube, was least in the axis. 

1 See Goldstein, WUd. Ann. 15, 1882, pp. 254—277, specially pp. 274—$. 



1891.] 



liquid electrodes in vdcuum tribes. 



245 



Table V. 



HsS04 cathode 



Al. cathode 



Ciookes* space 

Type Height 
above 
rim. 



(a) 



(c) 
(d) 
(d) 
(d) 
(d) 



Distance 
aboTe 
rim of 
top of 

negative 

0OW. 


Distance 

above 

rim of 

head of 

positive 

discharge. 


licngth 

of 

Crookes' 

spaoe. 


4 


5 




6 


6 




7 + 


7 




7 + 


7 




13 


10 




10 + 


10 


2-5 


13 + 


13 


4 


15 + 


15 





Distance 

above 

cathode 

of top of 

negative 

glow. 



9 

17 



23 



1-5 
1-5 
2 
2-5 



17 + 

18 + 
24 + 
30 + 



absent 
absent 

17 

18 

24 

30 



4-5 

5 

5 

7 
8 
8 



Distance 
above 

cathode 
of head of 

positive 
discharge. 

11 

17 
19 
22 

29 

40 
38 



dubious 

50 
dubious 
dubious 



None of the distances admitted of very accurate observation 
because the positions of the various parts of the discharge, especially 
the head of the positive column over an Al. cathode, were seldom 
quite stationary. At the lower pressures in the table the blue 
light surrounding the red column over an H9SO4 cathode extended 
up the tube AE to above the level of the horizontal tube. When, 
however, the interrupter was adjusted to give a slower and more 
noisy spark the red column sometimes completely disappeared. 
It also sometimes faded out when the discharge was kept passing 
for some time. In either case there appeared from about 20 to 
40 mm. above the HaS04 cathode a considerably darker blue than 
elsewhere verging towards black. This darker band always accom- 
panied the types (6) and (c) of discharge with which the red 
column was not observed. Once or twice this column instead of 
being red was white. In general its outline appeared straight and 
regular, but on at least one occasion it showed numerous short 
horizontal projections like hairs. 

The colour of the positive column at the higher pressures and 
until the Crookes' space over the Al. cathode attained a length of 
1 or 2 mm. was always red. At lower pressures when red its 
colour was much fainter, and at the lowest pressures it generally 
tended to white or even blue. The striae were most conspicuous 
when the colour was white, but they were seldom very distinct.. 
At the lowest pressures only faint phosphorescence was observed in 
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the tube over an Al. cathode, and none was noticed over an H,S04 
cathode. There was also no deposit on the walls of the tube^ 
The joint absence of these two phenomena is rather striking, but 
the exhaustion was not, I think, carried so low as in the previous 
experiments. 

At the lowest pressure attained, with a Crookes' space of from 
9 to 10 mm. in length over an AL cathode, the appearance of the 
dischargee became unsettled. There was nowhere any very bright 
colour, but throughout the greater part of the tube over an HaS04 
<cathode the colour along the axis was unmistakeablj red. There 
was a red column somewhat resembling that seen at higher 
pressures, terminating in a sharp point about 40 mm. over the 
H,S04 surface. Immediately below this the tube appeared blue 
throughout the entire cross section, but a little lower down there 
appeared a red column of about half the diameter of the tube. Its 
base was curved, and its convexity was directed towards the 
HjSO* surface, from which it was separated by an interval of only 
2 to 4 mm. The colour of this interval seemed to vary from black 
to feiint blue. Both these red columns had a blue haze between 
them and the walls of the tube. This stage seems to answer to 
that observed with a mercury electrode previous to the discharge 
assuming a nearly uniform appearance throughout. 

My best thanks are due to Professor Thomson for putting at 
my disposal the necessary apparatus, and for numerous suggestions 
during the course of the experiments, which were performed in the 
Cavendish Laboratory. 

(5) Note on a Problem in the Linear Conduction of Heat, By 
G. H. Bryan, M.A., St Peter's College. 

The problem of conduction of heat in a bar one end of which 
is subject to radiation while the other end is at an infinite distance 
away, has been treated by Mr Hobson in his paper ''On a Radiation 
Problem " published in the Proceedings, Vol. VL, page 184. The 
author there finds the expressions in the form of definite integrals, 
representing the temperature due to the given distribution of heat 
in the medium at the extremity of the bar and to the initial 
distribution of heat in the bar respectively. 

The expression which Mr Hobson obtains for the second part of 
the temperature is, however, open to several objections. It appears 
to fail entirely if the initial temperature is anywhere discontinuous 
or if any sources, doublets, or other singularities are initially present 
in the bar. 

Moreover, from the integral obtained, it is shown tbat the 
initial distribution is equivalent to a certain distribution of lines 
of sources and sinks in a rod extending to infinity in both directions. 
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but this interpretation is also liable to objection. For the distri- 
bution of sources and sinks corresponding to the initial temperature 
in any single element of the rod is not in itself equivalent to that 
element. Hence Mr Hobson's solution gives no idea of the part 
played by the initial temperatures of the separate elements of the 
rod, and in feet it does not even give a correct result if the effect 
of the initial temperature in any part of the rod is considered 
apart from that in the rest. 

The problem is best solved by starting with a single instan- 
taneous source at one point of the rod, since from this the more 
general solution can be obtained by integration. 

Consider then the effect of an instantaneous source Q of heat 
generated at the point x' at the time 0. The temperature due to 
such a source if there were no boundary would be 

Q {x^xj 

exp — 



Let this expression be denoted by v,, and let the temperature 
when the boundary is taken into account be v where 

v^v^ + v^. 

If the external medium be at temperature zero, the boundary 
condition gives, when a? = 0, 

— At; s 0. 
dx 



Hence ^- At;=- (^- Aj^y^exp-^^j^ 

== 2:fe{" m-^^} '^P "" fkt ^^^^ ^= ^- 

But v^ must be the temperature due to a series of images on 
the negative side of the origin, hence the conditions of the problem 
will be satisfied by taking 



d A_Q__ (ar + ap* 

2 J^ ^''P *kt 



-(i-*) 
-(^-*) 



2hQ (x + xj 

2 J^t ^"^^ *kt 
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Therefore by integration 

In the last integral put i=x-\-z. Also add v^, thus the whole 
temperature assumes the form 

Q f (x-xj (x + aTfi 

f-t;. + «. = 2-7^|exp-4^ + exp-^-^^} 



-^r 



Qe-»» (x + « + «')* J 



The first line represents the temperature due to the given source 
and an equal source at the geometrical image, the second line 
represents the temperature due to a line of sinks extending firom 
the geometrical image to infinity in the negative direction. None 
of the images of the source lie on the positive side of the origin. 

For the temperature due to the initial distribution v = ^{x)iit 
write if>(ar)daf for Q, and deduce by integration, 

This solution holds good whether ^ {x) be finite and continuous 
or not. 

\Noie hy Mr Hohson. — Mr Bryan's formula is undoubtedly an 
improvement on the one I gave in the paper referred to. It should 
be observed that his formula may be obtained from mine by 
integi'ation by parts.] 
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NOTICES. 

1. A limited number of complete sets of the firet Ten 
Yolumes (thirty parts and index) of the Transactions is in 
stock ; sets may be obtained on application to the Secretaries 
of the Society at the University Press, Cambridge. The price 
is £20 a set. 

2. Vol. XV. Pt. IL of the Transactions will shortly be pub- 
lished. It will contain the following memoirs : 

L Mr C. Chbee, On some Compound Vibrating Systems, 
IL Mr tt W. Richmond, On Pascal's Hexagram. 

Fellows will obtain their copies on application to 
The University Press, Cambridge. 

3. Vol. XIII. Pt. iv., containing Dr Olaisher's Tables, with 
the Index and Table of Contents to Vol. xin., is in the Press. 

4. Some copies of VoL vi, Pt. in. were issued without the 
Plate containing Kgs- xii. — ^Xix. of Professor Mosele/s paper on 
"The Theory of the Equilibrium of Bodies in Contact." This 
Plate will be supplied on application to the Secretaries. 

5. The card of the Meetings of the Society during the 
ensuing year will be sent in October to each Fellow of the 
Society. Nonnresident Fellows who desire to have the printed 
notices of the separate meetings sent to them are requested to 
apply to the University Press at the beginning of the Session. 
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October 26, 1891. 

ANNUAL GENERAL MEETING. 
Professor Q. H. Darwin, President, in the Chair, 

The follow] Dg Fellows were elected Officers and new Members 
of Council for the ensuing year : 

President : 
Prof. G. H. Darwin. 

Vice-Presidents : 
Prof. Hughes, Prof Thomson, Mr J. W. Clark. 

Treasurer : 
Mr R. T. Glazebrook. 

Secretaries : 
Mr J. Larmor, Mr S. F. Harmer, Mr E. W. Hobson. 

New Members of Council : 
Mr H. F. Newall, Mr C. T. Heycock, Mr A. E. H. Love. 

The following Communications were made to the Society : 

(1) On the Absorption of Energy by the Secondary of a Trans- 
former, By Prof. Thomson. 

VOL. Vll. FT. V. 20 
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(2) On an experiment of Sir Humphry Davy's. By G. F. C. 
Seable, M.A., Peterhouse. 

Two copper wires are passed up through holes about 5 centi- 
metres apart in the bottom of a fiat trough, their ends being level 
with the surface of the trough. Mercury is then poured into the 
trough to a depth of about 4 millimetres. On sending a powerful 
current through the mercury by means of the two wires the 
mercury in the immediate neighbourhood of the electrodes was 
elevated into a small cone 2 .or 3 millimetres in height 

(3) Some notes on Clark's Cells. By R T. Qlazebrook, M.A., 
Trinity College, and S. Skinner, M.A., Christ's College. 

The paper relates to the causes of the variation of electromotive 
force of the cells. In addition to the causes indicated by Lord 
Bayleigh the authors find that the state of amalgamation of the 
zinc pole may cause a fall in force if the zinc does not sbew a 
bright surface. This is worked out by means of a testing cell into 
which the faulty zincs are transplanted. The result is confirmed 
by Swinburne's experiments on zinc rods in zinc sulphate solution 
To correct this fault previous amalgamation in the presence of 
dilute sulphuric acid is recommended, or immersion of the zinc in 
the paste. Dr Hopkinson's method of testing cells by tapping 
was shewn. 

(4) Illustrations of a Method of Measuring Ionic VelocUia. 
By W. C. D. Whetham, B.A., Trinity College. 

(5) On Oold-Tin Alloys. By A. P. Laueie, M.A., Kings 
College. 

November 9, 1891. 

Dr Gaskell in the Chair. 

The following Communications were made to the Society ; 

(1) Note on a Peripatus from Natal. By A. Sedgwick, M.A., 
Trinity College. 

[Received November 10, 1891.] 

Last spring I received from Mr P. S. Sutherland a single 
specimen of Peripatus, which was found by Mr J. F. Quickett in 
tne Botanic Gardens of Pietermaritzburg, Natal. The -specimen 
possessed 22 pairs of claw-bearing legs, and presented all the 
characters of P. Moseleyi, as described in my monograph of the 



genus. 
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The specimen measured 5^ centimetres in length. Tlie ventral 
surface was of the usual light colour. The ground colour of the 
dorsal surface was dark green, with a sufficient number of yellow 
papillae to give a yellow tinge to the specimen. There was a light 
yellow band, from which the green was almost entirely absent, just 
dorsal to the insertion of the Tegs. 

The specimen was a female, and the last leg was without a 
white papilla. 

The genital opening was subterminal, and behind the legs of 
the last pair. 

The uterus was full of embryos, at a stage of development 
more advanced than in a Cape specimen killed at the same time of 
year. 

The number of legs of the embryos was, as in the adult, 22 
pairs. 

The specimen is of interest, as being the first recorded from 
NataL 

(2) On Variations in the Colour of Cocoons (Satumia carpini 
and Eriogaster lanestris), with reference to recent theories of Pro- 
tective Coloration. By W. Bateson, M.A., St. John's College, 

[Abstract; received November 11, 1891. Heprirvted from the Cambridge 

University Reporter^ November 24, 1891.] 

The cocoons of several moths, e,g. the Emperor and Small 
Egger, vary in colour from dark brown to white. It is believed by 
some that these colours have a protective value as a means of con- 
cealment, and it has been stated by Poulton and others that when 
spun on leaves which will turn brown, or in dark surroundings, the 
cocoons are dark, while they are white if spun on white paper. To 
account for this phenomenon " the existence of a complex nervous 
circle" has been assumed. The present experiments shewed that 
it is true that larvae left to spin on their food-leaves produce dark 
cocoons, and also that if they are taken out and put in white paper 
the cocoons are white. But it was found that larvsB similarly 
taken md and made to spin in dark substances also spun white 
cocoons, and indeed that starvation, or merely interference at the 
time of spinning, may lead to the production of a white cocoon. On 
the contrary, if white paper is put amongst the food, so that the 
larvae can, of their own choice, walk into it and spin, the cocoons 
are generally dark. It was noticed in several cases that larvae 
which had been shut up evacuated a quantity of dark juice having 
the natural tint of the cocoon, and the suggestion was hazarded 
that absence of colour in the cocoon perhaps results from the loss 
or retention of this juice, which may be of the nature of me- 
conium. 

20—2 
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(3) Exhihitim of Phylloxera vastatrix. By A. E Shipley, 
M.A., Christ's College. 



Professor Hughes in the Chair. 

(4) The Digestive Processes of Ammocoetes. By Miss R 
Alcock (communicated by Dr Gaskell). 

[Received December 3, 1891.] 

In all the higher vertebrates digestion is carried on by means 
of the secretion of specialised glands localised in certain definite 
portions of the alimentary canal or of glandular masses which are 
formed as appendages of the same. The formation of a peptic fer- 
ment is confined to the glands of the stomach, of a tryptic ferment 
to the pancreas and of diastatic ferments to the salivary glands and 
pancreas. Passing to lower forms we find in Amphibia that the 
formation of peptic ferment is not restricted to the stomach, but 
extends oralwards into the oesophagus, which is even more active 
as an organ for digestion than the stomach. Then in Fishes this 
tendency to difiuseness in the position of the proteid-digesting 
glands is even more pronounced, and it is remarkable, as Eruken- 
berg has pointed out, how their position varies even in nearly 
allied families. Sometimes a pancreas is present, sometimes 
absent ; in some the appendices pyloricse are well developed, in 
others they do not exist, and in some they function as digestive 
glands, whilst frequently they seem merely to act as organs of 
absorption. In some cases the so-called pancreas does not func- 
tion in proteid digestion, and in many fishes certain cells forming 
part of the liver secrete a tryptic ferment, which enters the ali- 
mentary canal by means of the bile-duct. The pepsin-formine 
glands also vary in position, sometimes extending oralwards and 
sometimes into the upper part of the intestina 

These observations of Krukenberg lead to the conclusion that, 
as far as digestive organs are concerned, the lower we descend in 
the scale of evolution of the vertebrates, the greater is the ten- 
dency towards a decrease of specialisation in function and a diffuse- 
ness in the position of the secreting cells. If this is the case, the 
study of the digestive processes in the lowest vertebrates ought to 
shew this absence of concentration of the secreting tissues in a still 
more pronounced manner. With this object Dr Gaskell proposed 
to me to find out how the digestive processes were carried on in 
the Ammocostes, as no physiological observations have been made 
on the digestion of this primitive vertebrate by Krukenberg or any 
other observer. 
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We may consider for this purpose that the alimentary canal 
consists of three portions, 1st the pharynx, 2nd the narrow tube or 
anterior intestine which leads from the pharynx to the mid-gut 
and terminates posteriorly at the entrance of the bile-duct where 
the sudden enlargement of the alimentary tube marks the begin- 
ning of the 3rd portion, the intestine proper. The glandular 
appendages in connection with these parts are, (1) the so-called 
thyroid gland, with its duct opening into the pharynx, and (2) 
the liver with its duct opening into the intestine. 

In order to test for the presence of digestive ferments, I made 
extracts of the epithelium lining the pharynx, the liver, the intes- 
tine and the thyroid in "2 % HCl. or in glycerine, using in each 
experiment the organs of two or more Ammoccetes of Petromyzon 
Planeri. I may here mention that I can confirm Krukenberg's 
experiments on the digestive ferments in fishes and invertebrates 
as to the temperature at which they are most active. I find my 
extracts are very much more powerful at 38° to 40° C. than at 15° 
to 20° C, many authors giving the lower temperature as that at 
which the digestive extracts of fishes and cold-blooded animals 
generally are most active. I found that all parts of the alimentary 
canal, with the exception of the thyroid gland, were capable of 
digesting fibrin in a '2 °/„ HCl. medium with greater or less 
rapidity. I used carmine-stained fibrin after Griitzner's method, 
and always used as control experiment a '2 °/^ HCl. solution alone 
aud an extract of some tissue of the animal which was inactive in 
digestion. 

The results of these experiments may be summed up as 
follows : — The extract of the liver is always the most powerful ; — 
thus in one case about 1 c.c. fibrin was entirely digested in from 
i to f hr. by an extract made from the livers of two Ammoccetes. 
The epithelium of the pharynx comes next in activity, thus in the 
case mentioned the epithelium of the pharynx of the same two 
animals digested the same amount of fibrin in about 1^ hrs. Next 
in order of activity comes the extract of the intestine ; this always 
gives decided evidence of digestive power, but if carefully cleaned 
out with a soft brush before the extract is made, so as to remove 
as far as possible the secretion from the liver, then its power of 
digestion is very far behind that of the pharynx or liver, although 
in all cases digestive activity is still manifest. Finally the extract 
of the thyroid is always inactive. 

So fiur I have not succeeded in obtaining any results in a 1 % 
sodium carbonate medium, and conclude that tryptic ferment is 
absent. In relation to this it is interesting that in a young 
Selachian Ejrukenberg found that a tryptic ferment was entirely 
wanting, and he suggests, for this and other reasons, that in primi- 
tive vertebrates the digestion was rather peptic than tryptic. 
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I conclude then from these experiments that : — 

1. The proteid digestive ferment in the Ammoccetes is of the 
nature of pepsin rather than trypsin. 

2. This ferment is very diffuse in position, being found in all 
parts of the alimentary tract 

3. It is found mainly in the anterior part of the tnurt, 
especially in the respiratory portion of the pharynx and in the 
liver. 

4. The so-called thyroid gland has nothing whatever to do 
with the digestion of proteids. 

Perhaps the most novel and important feature of this series of 
experiments is the evidence of the importance of the pharyngeal 
cavity for proteid digestion in this primitive form of vertebrate ; 
and when we come to examine the histological structure of the 
alimentary tract we find that glandular secreting structures are 
more conspicuous in this part of the alimentary canal than in the 
intestine proper. In the pharynx the epithelium lining the body- 
wall and the adjacent branchial surfaces is undoubtedly different 
from the single layer of flattened epithelium cells which cover the 
lamellar folds of the branchiae themselves. It is usually described 
as consisting of several layers ; but very conspicuous amongst the 
small epithelium cells are numerous glandular looking cells, to 
which I have never found any reference in descriptions of this 
region. These cells are arranged in groups of five or six together, 
and correspond in height to the whole thickness of the epithelium; 
they are somewhat swollen in the middle and are covered super- 
ficially by the small epithelium cells with the exception of a small 
space above the centre of the group where their tips converge to- 
gether at the surface. In some preparations a collection of deeply 
stained granules can be seen at the outer ends of these cells, and 
in others a stringy mucus-like secretion is issuing from them. It 
is striking how on the branchial folds of the anterior wall of the 
first gill-pouch the epithelium containing these cells predominates, 
only the most internal folds appearing to have retained their respi- 
ratory function. Clearly the abundance and the evident activity of 
these pharyngeal glands is a sufficient histological reason why the 
exti*act of the pharynx is so active in digestion. On the other 
hand the epithelium of the narrow anterior intestine consists of a 
single layer of tall columnar cells with a distinct cuticular border 
and uniformly ciliated ; there is no histological evidence here of the 
presence of any secreting cells. The epithelium of the rest of the 
intestine is very uniform, and similar in character to that of the 
anterior intestine, though only the anterior dilated portion is 
ciliated ; and the ciliation even here is not uniform, but occurs in 
patches. The whole structure of this region suggests an organ of 
absorption i-ather than of digestion. 
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The only glandular organ in connection with the intestine is 
the liver, with its large gall-bladder ; in structure it is typically a 
tubular liver throughout, and there is no evidence of any differen- 
tiation of function in the cells. 

Round the entrance of the bile-duct into the intestine are a 
few small glandular follicles which have received the name of 
pancreas, but in most specimens they are too few and too small for 
it to be possible that they could play any important part in diges- 
tion, at all events during the Ammocoetes-stage. After transfor- 
mation the liver becomes completely separated from the alimentary 
canal, the duct becomes obliterated, and the liver itself undergoes 
fatty degeneration. At the same time the small glands in the 
wall of the intestine which have been called the pancreas increase 
in number and form quite a prominent ring. If these glands are 
pancreatic in function, it suggests itself that possibly the tiyptic 
digestion may become more important than the peptic as the 
animal advances to the higher stage of evolution in the adult 
Petromyzon. I hope to be able to work out the digestive processes 
of the adult animal as soon as I can obtain material. 

Finding the presence of a peptic ferment to be so general in all 
parts of the alimentary canal, the question arises if it is present 
also in other tissues of the animal. I have already mentioned that 
no sign of digestive activity can be obtained from extracts of the 
so-called thyroid, extracts of the central nervous system are also 
quite inactive, and extracts of muscle shew only the faintest signs 
of activity after many hours. Then I thought it might be of 
interest to test for peptic ferment in the skin as being an epithelial 
structure continuous with the lining of the pharynx and on account 
of its active secretion ; and I found that a "2 % HCl. extract of 
the skins of two Ammocoetes digested 1 cc. fibrin in a little over 
1 hr. The skin consists of several layers of cells, the most super- 
ficial being those which secrete. They are peculiar in having a 
very thick cuticular border, whose striated appearance is due to 
the presence of fine pores through which the secretion exudes. 
These cells are full of granules and when treated with methylene- 
blue in the living condition, as observed by Mr Hardy, the granules 
ftt the base of the cell stain blue, whilst those towards the surface 
stppear rose-coloured in artificial light ; this reaction he has every 
reason to believe indicates the presence of a zymogen. 

As to the significance of this secretion, it does not seem 
probable that it could function in the digestion of food. I think 
it must have some important function, and considering the habits 
of the animal, which lies buried in the mud, Mr Haidy has sug- 
gested that this secretion of the skin may act as a protection 
against the attacks of bacteria and other organisms, which might 
otherwise be injurious. 
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(5) On the Reaction of certain Cell-Granules with Methylene- 
Bias. By W. B. Hardy, B.A., Gonville and Caius College. 

[Received November 30, 1891.] 

In 1878, Prof. Ebrlich pointed out the fact that the granule- 
containing cells of the body, whether found free in the body fluids 
or elsewhere, could be distinguished from one another by the 
character of the reaction of their granules with dififerent aniline 
dyes*. He distinguished five classes of granules characterised by 
staining with acid, basic, or neutral dyes, or indififerently with acid 
or basic dyes (amphophil). The present commanication deals with 
a further subdivision of the basophil granules into two groups, 
characterised by very distinct colour-reactions with the basic dye 
methylene-blue, the one class of granules staining a deep blue, the 
other a bright rosa 

The distinction of tint depends, for some reason not at present 
at all obvious, on illumination with yellow artificial light Under 
these circumstances tbe colour-contrast is one of extraoidinaiy 
brilliancy. With daylight, or with gaslight after it has been 
filtered through neutral-tint glass, the rose colour either appears a 
blue like that shewn by the blue-staining granules, or is dulled to 
a blue-violet tint. The explanation of this change may be found 
in the fact that the yellow gaslight is relatively richer iu red rays 
(or poorer iu blue rays) than is daylight, or the phenomena may be 
of a more complex nature. Be this as it may, the abrupt transi- 
tion from bright rose to bright blue produced by directing the 
mirror from the gas flame to the window is a striking feature of 
this colour-reaction. 

The discrimination of basophil granules into rose-staining or 
blue-staining varieties may depend upon the dichroic nature of 
methylene-blue. Thin films produced by running a minute quan- 
tity of a strong solution under a coverslip appear rose with arti- 
ficial light, while more dilute solutions appear blue. 

Methylene-blue is a salt having the composition of a chloride, 
the base being a pigment of the aniline series, and it has already 
been noticed that alkalies produce a rose or reddish modification 
7)ossibly by decomposing this salt and liberating the pigment-base. 
This suggests that the rose tint may not be solely a physical 
phenomenon but may depend upon a chemical action of tbe 
granule substance on the dye, or a chemical change produced by 
the osmosis of the pigment through the cell protoplasm to tbe 
granule. 

That the reaction does not depend simply upon the thickness 

* The various papers dealiug with this subject have been republished by 
Dr Ehrlkh in pamphlet form under tlie title **Farbenaijalytische Untersuobungen 
zur Hiatologie und Klinik dee Blutcs." Berlin, 18'Jl. 



1891.] Cell Granules with Methylene-Blue. 257 

Df the film of methylene-blue is shewn by the fact that the 
rose-tiut may be developed by granules of sizes varying from mere 
points to spherules 2 to 4 /^ in diameter. Nor does it depend upon 
the solidity or fluidity of the staining substance; for the contents of 
large vacuoles in the ectoderm cells of Daphnia frequently stain 
an intense rose, the rest of the cell appearing blue. Lastly the 
rose tint may be produced neither in the cell nor in the animal, 
but (in the case of Daphnia) by the action on the dye of a sub- 
stance poured by the ectoderm cells into the surrounding water. 

The hypothesis that the reaction is really of a chemical nature 
is favoured (1) by the general fact that the imbibition of dyes by 
the fresh unfixed cells is determined by the chemical nature of 
those dyes — whether the pigment be basic, or acid ; and (2) b^ the 
peculiar method of imbibition of dyes by fresh cells. If still living 
cells, such as basophil blood corpuscles, are treated with either an 
organic fluid or normal salt solution, in which a small quantity of 
methylene-blue is dissolved it is noticed that imbibition of the dye 
is coincident with the onset of death. So long as the cell remains 
fully alive it resists infiltration by the pigment, and the granules 
remain uncoloured. This condition may, especially with eosinophil 
cells, last for hours. With the first onset ot death the dye makes 
its way through the protoplasm and the granules become coloured. 
Later, when rigor mortis has become thoroughly established, the 
nucleus and cell body absorb the dye, and appear blue. In other 
words the first imbibition of the dye occurs at a period when the 
complex cell protoplasm is commencing to disintegrate, and when 
therefore profound chemical changes are taking place. 

In order to determine whether granules are of the rose or blue 
staining varieties it is necessary to apply the stain in some rela- 
tively innocuous fluid to the living cells; and subsequent treat- 
ment with fixing reagents entirely obliterates the reaction. This is 
because all fixing agents with which I have experimente<l have 
some action on methylene-blue. Thus corrosive sublimate pro- 
duces a rose-coloured modification, and converts blue staining into 
violet or rose. Ammonium picrate produces a violet tint except 
in the case of very intensely blue granules. Osmic acid converts 
the rose into a blue tint. 

Rose-staining basophil granules have been found by me in free 
basophil cells of AstacvSf and of Vertebrates, in the ectoderm of 
Daphnia, and of the Ammocoete larva of Lampreys, and in the 
alveolar cells of salivary glands. 

The last two instances are of a specially suggestive nature, as 
affording instances of cells containing at the same time blue and 
rose-staining granules. In the cells lining the alveoli of the sub- 
maxillary gland of a rabbit I have seen, after treatment with dilute 
methylene-blue in normal salt solution, a zone of rose-coloured 
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granules surrounding the lumen and extending about half-waj 
towards the basement membrane, while outside this there was a 
zone of bhie-staining granules. This suggests that the rose-etain- 
ing condition is a final stage in the elaboration of the constitoents 
of the granules of these cells. 

A still more instructive example is found in the ectoderm eelh 
of the Ammocoete larva which I examined at the request of Dr 
Gaskell. These cells are each overlaid by a thick cuticle per- 
forated by coarse canaliculi which lead from the cell protoplasm to 
the external surface of the animal. Miss Alcock has shewn that 
these cells, under appropriate stimuli, discharge on to the general 
surface a viscid subsstance which has the power of rapidly digesting 
fibrin in an acid medium. If these cells are treated with methy- 
ieue-blue we find (1) that the extruded secretion gives the rose 
reaction, (2) that the pores in the cuticle may appear as rose- 
coloured rods, owing to their being filled with the secretion, and 
(3) that the cells themselves are occupied by rose-coloured granules 
which lie in the half of the cell next to the cuticular border, and 
by blue-coloured granules which occupy their deeper portions. 

In the ectoderm of Daphnia rose-coloured granules are scanty, 
while, under certain circumstances to be detailed elsewhere, the 
cells may include a number of large vacuoles, the contents of 
which give a brilliant rose reaction. In connection with the 
presence of these vacuoles we find that Daphnia possesses the 
power of extruding on to its surface, through cuticular pores, a 
substance which swells up to form a jelly in water, and stains 
brilliant rose. This particular case will receive more detailed 
description on some future occasion. For the present I will only 
say that the secretion is used by the animal to prevent parasitic 
vegetable or animal growths obtaining a foothold on the shell 

I have never yet found a blood or lymph cell with both blue 
and rose-staining granules. It may be regarded as probable that 
blue-staining granules are absent from wandering cells. The celb 
with rose-staining granules have a remarkable distribution. In 
AstaoLS, as I have noted elsewhere*, they occur normally lodged in 
the spaces of a peculiar tissue which forms an adventitia to some 
of the arteries. They are only discharged into the blood as a 
result of special stimuli In Yertebrateis they occur to a marked 
extent in tne peculiar adventitia of the blood-vessels of the spleen. 

It is noticeable that I have so far failed to find rose-staining 
granules in endoderm cells, though I have examined the lining cells 
of the alimentary canal and of its glands in very diverse animal types. 

The cells of the excretory organ (end-sac of Daphnia) contain 
granules which have a remarkable affinity for methylene-blue and 
stain a deep opaque blue. 

• Journal of Physiohijy, 1892. 
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November 23, 1891. 
Professor Lewis in the Chair. 

S. Skinner, M.A., Christ's College, was elected a Fellow of the 
odety. 

The following Communications were made: 

(1) The Sdf-Induction of Two Parallel Conductors. By H. 
L Macdonald, B.A., Clare College. 

{Abstract) 

In Article 685, Maxwell's Electricity and Magnetism, Vol. ii., 

he expression i (/* + fi) + 2^,, log — , is given for the self-iu- 

OaJv 

luction per unit length of two parallel infinite cylindrical con- 
iuctors, the radii of their sections being a, a', the distance between 
iheir axes 6, /a, fjJ their magnetic permeabilities, and ^^ that of 
the surrounding medium. Lord Rayleigh remarked in the Phil, 
Mag. 1886, that this expression only holds when fi — fi= fi^. To 
solve the general problem for steady currents it is necessary 
to know the conditions satisfied by the components of vector 
potential at the bounding surface of two media of different 
toagnetic permeabilities ; they are found to be 

l_dF 1 dF_ 

r\ "t" / n / ~~ ^f etc. 
^ on ^ on 

Transforming the equations by the relation 

«+ ty = c tan^(f -l-tiy), 

taking 17 = a, 17 = — )3as the bounding surfaces of the conductors, 
we have 

Sf Ofi* (cosh ff + cos f ) 

W 87 ' -»; = a to 17 = - /9, 



/ / 



H^Hf, and - ,. - = tt^ when 17 = a, 

F and G being constant. 
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Solving these for H, H^ and H' and determining L from them 
we obtain 



O^S ('^?)^"''^''-('-y (^-?)^-'-^-"1 



n 



When pif^^fi^ we have the case of the a conductor iron, the otha 
being copper, and then 

the repulsive force between the conductors being 






Taking; the case of conductors of equal section, the following 
table shews how the variable part of the coeflScient of induction 
varies with their distance apart. 



h 


log— J 
aa 




Increase 
per cent. 


L-50-6 
MaxweU 


L-50-5 
from abof e 


2a 


1-38629 


•282007 


20-3 


2-7725 


3-3365 


3a 


219722 


-11776 


5-3 


4-3944 


4-6299 


4a 


2-77258 


•06326 


2-2 


5-5451 


5-6716 


5a 


3-21887 


•039829 


1-2 


6-4377 


6-5173 


6a 


3-58351 


•027583 


•7 


71670 


7-2221 


7a 


389164 


•02021 1 


•6 


7-7832 


7-8237 


8a 


4-15888 


-015936 


•3 


8-3177 


8-3496 


9a 


4-39425 


•012131 


•2 


8-7885 


8-8127 


10a 


4-60517 


•009851 


•2 


9-2103 


9-2300 



The first column gives the distances between the axes of the 
conductors, the second the values of half the variable term in 
Maxwell's formula, the third half the term which has to be 
added to it, the fourth the increase per cent of the variable pMt 
due to the term nec^lected by Maxwell, the fifth and sixth the 
values of the variable parts in both cases ; fi^ being taken umtj 
and /AS 100. The table shews that the term neglected is con- 
siderable when the conductors are close to one another, and 
decreases rapidly at first as 6 increases, afterwards slowly. 
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of two Parallel Conductors, 
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Again taking the conductors touching one another, the folio w- 
ig table gives the maximum values of the correction 849 the 
mius of the iron conductor increases. 



a 


b 


a' 


2a' 


2a' 


3a' 


3a' 


4a' 


4a' 


6a' 


5a' 


6a' 


6a' 


la' 


lei 


8a' 


8a' 


9a' 


9a' 


10a' 


10a' 


11a' 



aa' 



138629 
1-50407 
1-67397 
1-83257 
1-97407 
210005 
2-21297 
2-31447 
2-40794 
2-49320 



fi^-H 



log 



6« 



;*+/*• 6*-a* 



•282007 
•576147 
•810307 
1-001419 
1-162144 
1-300593 
1-422097 
1-530317 
1 -627843 
1-716587 



Increase 
per cent. 



20-3 
38-3 
48-0 
54-6 
58-8 
61-9 
64-2 
661 
67-6 
68-8 



L - 60-5 
Maxwell 



2-7725 
3-0081 
3.-3479 
3-6651 
3-9481 
4-2001 
4-4259 
4-6289 
4-8159 
4-9864 



L - 60*5 from 
aboTe formula 



3-3365 
4-1604 
4-9685 
5^679 
6-2724 
6-8012 
7-2701 
7-6895 
80716 
8-4195 



The first column expresses the radius of the iron conductor in 
terms of that of the other ; the remaining columns are as in the 
Sist table. 

The expression for the force can by suitably choosing a, a\ b 
K) that b is somewhat greater than a */2, be made to change sigi^ 
M) that the force between the conductors would then be attractive. 

In the case of two iron conductors 






., h* iV-a*-a'y 

+ *■ 'og(j«_o«)(t»_o"){(6»-o')''-o"y}((6' 



- ay - aV} 



+ etc 



■]• 



^here 






In this series the coefficients of the powers of X rapidly diminish* 
It is perhaps worthy of remark that when /a is 100 or greater, 
the part depending on the size of the conductors and their 
distance apart is only slightly affected by the value of /c, as X 
differs but little from unity. 
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(2) The Effect of Flaws on the Strength of MaJteiials, By J. 
Labhob, M.A., St John's College. 

The effect of an air-bubble of spherical or cylindrical form io 
increasing the strains in its neighbourhood was examined ; and it 
was suggested that the results might be of practical serriee in 
drawing general conclusions as to the influence of local relaxations 
of stiffness of other kinds. In particular, it is shewn by the aid 
of the hydrodynamical form of St Tenant's analysis, that a cavitj 
of the form of a narrow circular cylinder, Ipng parallel to the 
axis of a shaft under torsion, will double the shear at a certain 
point of its circumference ; and the effect of a spherical cavity 
will not usually be very different. For a cylindrical carity of 
elliptic section, the shear may be increased in the ratio of the 
sum of its two axes to the smaller of them, this ratio becoming 
infinite in accordance with known theoretical principles for the 
case of a narrow slit. It is assumed in the analysis that the 
distance of the cavity hoxo. the surface of the shaft is considerable 
compared with its diameter, so that the influence of that boundaiy 
may be left out of account in an approximate solution \ 

The results will however ako give the effect of a groove of 
semicircular or semi-elliptic section, running down the sai&ce of 
the shaft, provided the curvature of the surface is small compared 
with the curvature of the groove. 

(3) The Contact ReUvtions of certain Systems of Circles cand 
Conies. By W. M'^F. Ore, B.A., St John's College. 

(Abstract.) 

The following theorem is first established: — If four circles 
X, F, P, Qy in a plane or on a sphere, are such that a circle can 
be drawn through one of each pair of intersections of X with P, 
X with Q, T with P, and T with Q respectively, (and therefore 
another circle through the remaining four intersections of the 
same circles,) the eight circles which touch X, T and P, and the 
eight which touch X, T and Q, can be arranged in sixteen groups 
of four circles, each group consisting of two touching X, Fand P, 
and two touching X, Y and Q, such that each group has two 
common tangential circles besides X and F. 

A similar result is of course true for groups of circles toacbiog 
P, Q and X, and P, Q and F respectively. 

The above relation of condition is triply satisfied by the four 
circles that form any Hart-group of circles touching three others 
(restricting the title Hai*t-group to the eight groups that are 
analogous to the inscribed and escribed circles of a trianglel 

^ See Phil Mag,, Jan. 1S92. 
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Hence, taking as a particular case the inscribed and escribed 
circles of a plane or spherical triangle, the following result is 
obtained: — ^If we describe circles touching three by three the 
inscribed and escribed circles of a plane or spherical triangle, we 
obtain four sets of four circles, exclusive of the sides of the 
ori^nal triangle and its Hart-circle ; each set forms a Hart-group 
and in addition we can obtain twenty -four groups of four circles by 
taking two out of any one set and two out of any other such that 
each group is touched by two circles besides the two circles they 
have been constructed to touch in common. 

Any group whatever of four circles of the eight that touch 
any three given circles satisfy the above relation of condition, 
some singly, some doubly, and some triply; and by taking all 
such groups of four, and describing circles touching them three 
by three the following result is obtained: — ^Eight circles can be 
described to touch three given circles; these eight form fifty-six 
groups of three ; to touch any three we can describe a set of four 
circles exclusive of the original three, and one which with them 
forms a group of four circles touching four others; and we can 
form a thousand and eight groups of four circles, two out of one 
set and two out of another, such that each group is touched by 
two common circles besides the two they have been constructed 
to touch in common. 

These theorems are then extended to co-vertical cones which 
are either circular or have double contact with a given one, and by 
projection to conies having double contact with a given one. 

In the last case one of the results obtained is: — If four 
straight lines X, Y, P, Q are such that through the intersections 
of X with P, X with Q, Y with P and Y with Q there can be 
described a conic having double contact with a given one (f>, then 
the four conies touching X, Y and P and the four touching X, Y 
and Q, all having double contact with <f>, can be arranged in eight 
groups each consisting of two touching X, Y and jP, and two 
touching X, Y and Q, such that each group, besides touching X 
and F, touch in common two tangent conies having double contact 
with <f> ; and similarly for conies touching P, Q and X, and P, Q 
and F respectively. 

The enunciation of the reciprocal theorem is obvious. 
Another result is as follows: — Four conies can be described 
having double contact with a given one (f>, and touching three 
given lines or passing through three given points ; to touch any 
three of these four conies sixteen conies can be described having 
double contact with <f>, exclusive of the original lines or points 
and four Hart-conics; there are thus four sets of sixteen conies. In 
addition to the groups of four touched by four conies having double 
contact with <f> that can be formed by taking four out of the 
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same set, there are thirty-two groups of four conies formed b; 
taking two out of any one set and two out of any other, sucl 
that each group is touched by two conies having double contaci 
with the given one ^, besides the two they have been constructed 
to touch m common, and as the four sets can be taken in pairs in 
six ways, there are thus one hundred and ninety-two such group 
in all. 

Some other theorems are obtained of a more complicated 
character. 

The method of proof is purely geometrical and the first pro- 
position, though not proved as shortly as it might have been, is 
made to depend mainly on a property of Bicircular Quartics 
eiven by Mr C. M. Jessop in the Quarterly Journal of Ma^tkematia, 
vol. XXIII., which is equally true for Sphero-Quartics, and which 
for the case of two circles may be enunciated a little differently 
as follows: — If X, Y are any two circles of the same family 
touching two given circles A and B, in b, plane or on a sphere, 
and P, Q are any two circles of the other family touching A and 
B, then a circle can be drawn through one of each pair of the 
intersections of X with P, X' with Q, y with P, and T with Q, and 
of course another circle through the remaining four intersections 
of the same pairs. 

(4) On Liquid Jets under Ghravity, By H. J. Sharpe, M.A^ 
St John's College. 

1. The motion (Fig. 1), which is in two dimensions, is sup- 
posed to be symmetrical with regard to x'Ox which is the axis 
of the vessel and jet. BEF is the semi-outline of the vessel 
FJ of the jet. AF is the semi-orifice, which is small compared 
with the dimensions of the vessel and the depth OA of ibe 
liquid. Gravity acts parallel to xOx. OE is the surface of the 




liquid, which is maintained steady. AF is supposed to be so 
small that it may be considered either as the arc of. a circle 



(4), 
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with centre in the surface of the licjiiid, or as a small straight 
line perpendicular to Ox. For simplicity we shall take OA the 
radius of the circle (or the depth of the liquid) as unity. 

If ^r be the acceleration of gravity referred to this unit it 
'wrill be convenient to put 

a« for 2g (1). 

"We shall take as the origin of Cartesian and Polar Coordinates 
^, y> ^> and we shall put 

a;'for(a?-l) (2). 

Ijet j^ be the stream function to the right ot AF; u, v the 
velocities parallel to Ox, Oy, 

Further let AF=ir/p (3), 

^wbere pias, large number. 

On the right of AF we will take 

-y^ = u = ar^ cos Jtf 4- Sc/e"**^ cos pny 

- ^ = t; == — ar* sin i tf + Sc/c"^**^ sin pny 

where c/ is an arbitrary coustant. S indicates summation with 
regard to n for all integral values from 1 to oo . 

Therefore along AF, we have on the right of it at every point, 
nearly 

u = a -\-%cJ cos pny ) 

t; = — Jay + 2c/ sin piyj * ^ ^* 

[Of course AF is really half the small segment of a circle. 
The equations (4) and (5) are only approximate (the more so 
the larger p be taken) but it will be pointed out afterwards' 
(Art 5) how their exact forms can be found — forms which would 
be suitable for all values ot p — but as these are rather complicated 
it is better to begin with the simplest case first.] 

Let '^ be the stream function on the left of AF, and 
on the left of AF we will take 

-Ji — 1^ - 5 (««€*** cos my) + Sc-c^"*' cos pny + A 

dylr r--(6), 

— 3^= V = — fi» ('^w/^ ®^° ^y) ~ Sc^e'***' siniwy 

where- a^ c. and A are arbitrary constants, and S indicates 
summation with regard to m for a finite number of values of 
VI, the largest of which is supposed to be small compared with p, 

voi^ vii. PI'. V. 21 
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Therefore along AF we have on the left of it at every point 

u — S(a^ cos my) + 2c, cos pny + A) .^^ 

V = — /S(a.8inmy) — Sc^sin^y J 

But as the motion must be continuous through AF, the u% 
and v's in (5) and (7) must be the same. Therefore we get 

S (cL^coamy) ^a - A +2(c.' -^cjcospny) .^. 

— S(a^ sin my) + Jay = X (c/ + cj sin pny ' J 

These must hold from y = to y = ir/p. But if we expand 
the left-hand sides of (8) by Fourier's Theorem, we can get c. and 



I cj as functions of n. 



2. Doing so, we shall get 
c_ + c_ = zSI a sm — . \ y \ ....(9> 




nTTCostiTT \ a cosrnr 




c;-c. = -2g/a..*?^8iD^. ^••".^ \ (10). 

• - p p — »-» 



C08fwr \ 



Also il - a + fif fa^ X -^ sin — ) = (lU 

Also in order that the second of the equations (8) may hold 
at the limit y = 7r/p, we must have 

« / . m,ir\ air ^ .,«. 

-flf(a.8in— ] + 2^ = (12> 

We shall now prove an important property of c« and c,'. 

As 1 is the least value of n, and as by hypothesis m/p is alwajfs 
a small fraction, we may always (if need be) safely expand the 
fractions in (9) and (10) in ascending powers of m*/p^n\ 



Doing so in (9), we shall get 



On 



a cosRv- 



^f^ ( . mir coswTr/- , wi" ^ \ 

+ c, = 2/S Ja sm — . 1 + -=-s + &c. • 

( * p nir \ p'rr /) P ^ 

(13). 

But by (12) the first and last term here disappear, so that 
{cJ'\'C^ is always a small quantity at most of the order 1/p*. 
Similarly from (10) we see that (c/— O and therefore c, and c/ 
are always small quantitiea at most of the order l/p\ We say 
* always ' — eVen when n = 1 when they are largest. 
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3. From (6) the equation to BEF is 

S (^ €^ sin wyj + t^^e^^siupny + Ay 

^fa . m7r\ , Air ,, .. 

^^[m'^T) + -f (1*>- 

If y =s 6 is the equation to the asymptote to BEF 

-^* = ^uf "^":;r] + ":;r (^^)' 

K> that if 6 be finite, ^ is a small quantity of the order 1/p. 

Looking now at (6) we see that if OE is to be the surface 
>f the liquid, u and v must, when ^'= — 1, be small quantities 
it most of the order 1/p. A and the % term already satisfy 
that condition. In the S term m has several values, enough 
bo satisfy conditions (11), (12) and (15). Suppose the particular 
m in (6) to be the smallest of these values, and suppose m = logp, 
then when d/= — 1, the S term also satisfies the surface condition, 
and the more accurately the larger p is, since \og p/p diminishes, 
BR p increase& 

If FJ is to be a jet we must have, since AF is small, at every 
point of the jet, nearly 

m' + v* = 2gr. 

But we see at once from (1) and (4) and Art. 2 that this con- 
dition is fulfilled, the error being of the order 1/p*. 

4. To get some idea of the maximum value of this error, we 
Bee from (4), since at F we have nearly 

u^a — Ci 

that — 2c//a is a fair measure of this maximum. 

From (10) and (13) 

c/ = pS(mX) 06). 

From (11) and (12) we have nearly, since il is a small 
quantity, 

-a + iSf(aJ = 0, and |-S(7naJ = 0. 

If for instance we take 8 and 9 for the two values of m, then 
p will be about 2981 and the maximum error about 

+ -0000143. 

21—2 
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If we took a sufficient number of values of m to satisfy, in 
addition to previous conditions, the condition S (wi'O = 0, we 
see from (16) that the maximum error would be of the 3rd order 
of smallness, and so on for higher orders. 

5. Suppose p instead of being large, were somewhat smaller, 
we should then proceed thus. 



Fig. 2 



I 
I 
I 
I 
I 



From i^ (fig. 2) draw FN perpendicular to Ax. 
Let NF « irjp' where 

-7 = sm— (17). 

p p 

In equations (4) to (8) &c. put p' for p, and consider (4) to 
apply to the rigkty and (6) to the left of NF. (8) also would hsTe 
to hold from y = to y = w/p'. Of course from (17) p' could be 
expressed as accurately as desired in terms oip. 

6. From (4) the equation to the outline FJ of the jet is 

2a A . 3 ^ . -I c„ -mm' ' 2a . Stt ,-ov 

-g r» Bing^J + S^e '^ sin pny=-g- sin 2^ ....(18> 

As the X term is of the order l/p\ we see that in all solutions 
obtained by the present method the shape of the jet is nearly 
independent of the shape of the vessel, and is dependent onlj 
on the angle which the orifice subtends at 0. 

Upon this point light may be thrown by the following 
Article. 

7. Since writing the preceding, I have examined somewhat 
carefully equation (14) which gives the outline of the vessel— 
in the case where m has the values 8 and 9. In this case a. 
and a^ are determinate. I find that in (15) b is not perfectly 
arbitrary, but appears to have limits in order that the curve 
BEF may be continuous. I have tried to take it as large as 
possible. I have actually taken it =3 27r/9 or about '6981, bot 
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'whether this is the largest admissihle value of h (for m = 8 and 9) 
I am not sore. The result is that I get a curve something of 
this shape (fig. 3) for BEF. 




One noticeable feature is the existence of a long spout or pipe- 
like portion OF before we reach the orifice F^ which may perhaps 
explain the result noticed in Art 6. 

I am afraid this spout exists in all solutions obtained by the 
present method. There is an interesting point about the curvature 
of the outer stream-line in the neighbourhood of F, It will be 
found from equations (14) and (18) that there is a sudden change 
of curvature at F — that the curvature on the right of F divided 
by curvature on left of F gives a small quantity of the order 
1/p, thus corroborating (as far as the approximate character of 
the present method will allow) a remark of Eirchhoff found at the 
end of Art. 96 of Lamb*s Motion of Fluids. 

(5) Theory of Contact- and Thermo-Electridty. By J. 
Pabkeb, M.A., St John's College. 

In this paper, which treats of an electrified system of metals 
situated at rest in a vacuum in an unvarying state, we shall use the 
electromagnetic C.Q.S. units, so that if Q, ^ he the charges of 
two small bodies at a distance of r centimetres, the electric 

repulsion between them is 6 -^ dynes, where e is the constant 

87 X lO". 

We first require to know the energy U and entropy ^ of our 
system. The system being necessarily so chosen that its total 
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charge is zero, let us suppose that by altering the relative positioiis 
of its parts, every one of its charges becomes zero, and denote tbe 
corresponding values of the energy and entropy by U^ and ^. If 
from any cause, such as the parts of the system not being sufficiently 
numerous, this (or any other) operation cannot be directly per- 
formed, we may always make use of subsidiary bodies; and the 
final result being independent of the subsidiary bodies employed, 
we may argue as if they were entirely unnecessary. 

For the energy U, we assume Helmholtz' expression 



- U,+ 6 {JQ.F, + ^Q,V, + } + Q,F^ + Q^,+ (1). 

where A,B,C, ,,. are the different homogeneous bodies of uniform 
temperature which tbe system contains; Q^, Q^, Q^, ... their 
charges; F^, F^, F^, ... their potentials; and F^, Fg, J'ct •-• 
quantities which depend respectively on these bodies but not on 
their electric states. In what follows, the states of the different 
bodies will be completely defined by their temperatures, so that 
F will be a function of the temperature depending in form on tbe 
nature of the metal. 

To obtain the value of ^, we make use of Joule's law that if a 
steady current / be flowing in a homogeneous body of uniform 
temperature and resistance M, the heat evolved is RP ergs per 
second. From this we deduce that while a quantity Q is being 
transmitted, the heat evolved is RIQ ; and therefore, since R is 
independent of /, as / diminishes, the heat evolved when a given 
finite quantity of electricity is transferred, diminishes in the same 
ratio as 7. Now the process becomes more and more nearly 
reversible as I diminishes, but does not actually become reversihte 
until / vanishes. Hence if our given system be made to undeigi) 
a reversible operation of any kind in which no part of it is com- 
pressed or distorted, and no charge made to pass from one body to 
a different body or to a body of the same kind but at a different 
temperature, there will be no thermal effect produced and conse- 
quently no change of entropy. So long therefore as the charges 
are not made to leave the bodies on which they were at first, the 
entropy of the system is unaltered by any chancre in the distribution 
of the charges or in the relative positions of ttte bodies. We may 
therefore put 



^==t.(Q.) + >^,(Q.) + tc(Qc)+. 



. . . * , 



where ^^(Q^) only depends on the body A and its charge, ^g{Qg) 
only on B and its charge, 
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"Now take a second system identical with the first, forming 
"with it a compound system whose entropy is 2^. By a reversible 
process, such as we have already described, let a chaise be made to 
pass from one metallic body A to the other body A, and suppose 
that no other charge passes from one body to another. Then, smce 
by ^w^hat precedes the entropy of the compound system is unchanged, 
it follows that, if j be the final charge of one body A and 2Q^ — q 
of the other, i^^ (q) + -^^(20^ — ?) is independent of q, whatever q 
may be. We therefore infer that -^^(Q^) = ^^(0) + V^-ff^, where 
jy^ is independent of Q^. 

Next, let us take a system formed of the original system ^ and 
of a second system which also contains a metal body ^d at the same 
temperature as the body A in the first system but dijSerent in 
form and size and with any charge Q^^ Let Hj^ be the quantity 
corresponding to JT^. Then, by supposing any charge to pass from 
one metal A to the other metal A, without the passage of a charge 
between any other bodies, we find HJ = Hj^. Hence JJ^ is inde- 
pendent of the size and form of J. as well as of its electric state. 

Thus finally 

= ^o + Q.^.-l-Qii^.+ (2). 

To complete the expressions for U and ^, we require an im- 
portant identical relation which holds between F and H, Let the 
metal A and any other part which is at the same temperature ^^ 
be slowly heated to 0j^ + d0j^, and let the psurts of the system be at 
the same time slowly moved about so that no charge passes from 
one body to another. Then we have 

dU^dU.^-edX^ + Q^F^^- ... 

r 

It dW he the work done on the system, dU—dW is the heat 
absorbed, and since the operation is reversible, we have 

dU-dW = e^d4>, 
or dU,-0^d4,,-dW+edl^ + QJF^ + ... 

- Q^ ejH^ - Q^JH, - . . . = 0. 

Now take a second system identical with the first except that 
every charge is reversed in sign, and let it, undergo a reversible 
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operation similar to that just described. Then since dU^, d^^, dW, 

and €(22 -^^-^ are the same as before, we obtain 
r 

dU^-0J4>^-dW'\-€dl^'-Q^dF^-,.. 

+ QJ^dH^+QJ^dH^-^ ...^0. 

These two relations being true (or all values of Q^, Qg, ...» it 
follows that 



^^A^ff ^^A 



dd. 



dd^ ' 



m 



To obtain the theory of the Peltier effect and the correspond- 
ing change of potential, let two long wires A,B,o{ different metals, 
be joined together at J, and also connected, as in the figure, with 



Iron 



B 



B J A. 



Iron 



two plates Ay B, which are respectively of the same metals as the 
two wires. Parallel and opposite to these two plates place equal 

Elates of any the same metal, as iron, and connect the iron plates 
y long iron wires with each other, or with a large distant mass of 
iron in the neutral state, so that the two iron plates are always at 
potential zero. Also, to make the calculations simple, let us 
suppose the air exhausted about the plates; but, to make the 
results general, the junction J must be surrounded by air, and to 
prevent the air coming near the plates, it must be enclosed in a 
bag and the junction J and the bag kept at a great distance from 
the plates. Then when the system is at a uniform temperature 0, 
if Q^, Q^ be the charges of the plates ; Fj, F^ the potentials ; U 
and (f> the energy and entropy of the system, we have 

il> = 4>, + QJi,{ff) + Q^HAB) j ^** 

where U^ and c/i^ will remain constant in what foUowa 

If now by slowly moving the plates B nearer together and slowly 
separating the plates A, any quantity of electricity q be made to 
pass slowly from A ioB against the abrupt rise of potential F^— F^ 
at t/, and the temperature of the system be kept constantly equal 
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to 6, there will be no thermal phenomenon in the system except at 
J, and the heat absorbed there will be times the increase of 
entropy, or qO (H^ — H^). This may be written gP^, and we see 

that -Tj^ = - -P^j, PcA^PcM-^^SA' 

Again, the work done on the plates if is — iqeV^, and the work 
done on the plates A, iqeV^; so that the total work done on the 
system is — ^gc (F, — F^), or — ijD^^, if D^a stand for c (F^— F^), 
or the electromotive force of contact. Hence, since the increase of 
energy is iqDj,^ + 9 (-^b - Pa\ we have 

or D,,^F,^F,^P,,^0{H,^H,) (5). 

JET JTT 

Combining equation (5) with the identity -ja = -rw i we get 



•(6X 



de 

de\0 )~ ^ ' 

de[ )~ de de ~ede^ ' ^^'' 

The result P = ^ ^^ has been given on four independent 

occasions : — ^by Prof. J. J. Thomson in his Applications of Dynamics 
to Chemistry and Physics ; by Maxwell in his small Treatise on 
Electricity, where he has abandoned the older assumption that 
P^D\ by Duhem ; and, lastly, by the present writer. 

Next, let the plates A and B be of the same metal in the same 
molecular state but at slightly different temperatures d, ^ + dd. 
Then if F and V be potentials of ^ and B, Q and Q' their charges, 
we have 

U^U,'¥e[WV''^\QV]^-Q'F{0-\^de)-\-QF{e\ 

<t> = <f>, + qH{0+d0) + QH(0). 

If therefore we suppose the change of temperature at </ to be 
8o gradual that the heat conducted across the junction while a 
small charge q passes slowly from one plate to the other, can be 
neglected, we easily find, if X be the ' specific heat of electricity,' 
that is, the co6j£cient of the Thomson effect, or Xdd the quantity 
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which corresponda to P^^ of equation (5), 

e{r^r)-^^d0^tde^d^d0. 



Hence % = 



de — dd 

dH dF 



in 



de dd' 

and therefore F' - F = 

The result F'— F= 0, which asserts that there is no electro- 
motive force of contact between two pieces of the same metal at 
different temperatures, is of the utmost importance. At first 
sight it may seem to be in contradiction to experiment ; but on 
closer examination, as we shall shew later on, this is found not to 
be the case. 

Equations (5), (6), and (7) contain the whole theory of the 
Peltier and Thomson effects. They enable us to discuss the 
properties of themoelectric circuits, and the results thus obtained 
include all those of Thomson and others which have been tested by 
experiment. After shewing this, we will point out the close 
analogy between our theory of thermoelectric circuits and Helm- 
holtz' theory of the galvanic battery. Then we will consider some 
experiments bearing on our theory. 

In the first place, we obtain, from equations (6) and (7), 
Thomson's result 

m-TJ^—e— ^^^ 

Next, let two pieces A, A\ of the same kind of metal, be con- 
nected by a piece B of & different kind of metal, and let the fi^ee 
ends of A and A' be at the same temperature 0, while the junctions 

*i 



ABA' 

of B with A and A' are at the different temperatures ^,, d,, re- 
spectively. Then since there is no electromotive force of contact 
between two pieces of the same metal at different temperatures, it 
follows that, in the state of equilibrium, the potential of the free 
end of A' will exceed that of the free end of A by 

This will not generally be zero, and therefore, as experiment also 
shews, if a circuit be formed by joining the free ends of A and A\ 
equilibrium will be impossible and there will be a current, called 
a thermoelectric current. 
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If ^ be a piece of metal in the same molecular state through- 
out whose temperature varies in any gi-adual way we please from 
end to end but has the same value at both ends, the ends will be at 
the same potential, and therefore if they be joined so as to form a 
circuit, there will be no current produced. This is the result 
obtained experimentally by Magnus, who found it impossible to 
obtain a current by unequal heating in a homogeneous circuit If, 
however, we take a homogeneous circuit, and by filing make a 
junction of a very thick piece and a very thin piece, it was found 
by Maxwell that on applying a flame to this junction, a current 
is produced. 

Now let a thermoelectric circuit be formed of two diflFerent 
metals A, B, as in the figure, and let the temperature of every 



•^^^ 




6 ^^ ^'''''''''''' " -^^ A^ 

A 

part of the circuit be kept constant ; and 0^ being the tempera- 
tures of the junctions. Then the 'electromotive force of the 
circuit' is defined to be € times the sum of the abrupt rises of 
potential as we travel round the circuit in the direction of the 
current. Hence since the electromotive force of contact of two 
pieces of the same metal at different temperatures is zero, if the 
current be supposed to flow from A to B through the junction of 
temperature 0, the electromotive force E will be given by 

E=D^D, (9). 

For a circuit formed of several metals, we shall have 

^ = 2D (9)'. 

This result, which has not been tested directly by experiment^ 
has been given by Duhem and assumed by Clausius. 

When the current is steady, let / be its strength and R the 
resistance of the circuit. Then 

E = Rl 

since the sum of the abrupt rises of potential at the various 
junctions must be exactly balanced by the gradual fall of potential 
in the other parts of the circuit. 

Confining ourselves, for the sake of simplicity, to the case of 
a circuit formed of only two metals, as in the preceding figure, 
the heat absorbed in a second at the junctions 0, 0^, will be 

 =I[E+{F, (3) - F, (0„)} - {F, (0) - F, «?.))]. 
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which 18 exactly equal to the heat evolved in the rest of the 
circuit. 

We can now give the principal results obtained by Sir W. 
Thomson, who avoids entirely the question of the electromotive 
forces of contact at the various junctions, either of two different 
metals, or of two portions of the same metal at different tempera- 
tures. 



Combining equation (9) with the results 

dd " 



'='«-* ^(^) 



d 



we get Thomson's formulae 



p^e 



dE 



d0 ' 

dEdP 
df~ d0 



BA 



-(2,-Sj 



(lOX 



From the second of these equations, we see that if the car- 
rent tends to cool any junction of two metals in passing through 
it, the electromotive force will be increased by raising the tem- 
perature of that junction. The electromotive force, as far as it 
depends on that junction, will be a maximum when P vanishes. 
As 6 further increases, P will become negative and the electro- 
motive force will diminish. The temperature T at which P 
vanishes is called the 'neutral point' of the two corresponding 
metals, or of the circuit when it is composed of these two metais 
only. 

Again, when and 0^ are so nearly equal that we may put 
0^^0 — T, where t is small, we have 

dD i^d^D 

and therefore for a circuit of two metals 

^^^ 2 d0\0r'"' 

When the junction is at the neutral point T^ this gives Thom- 
son's formula 



2Td9' 



(IIX 
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The current is then of the second order only and flows through 
the circuit in the same direction whether the other junction be 
hotter or colder than T. 

When P does not vanish, we have another of Thomson's 
formulae 

^=t| (12). 

For simplicity taking r to be positive, we see that E and P are 
of the same sign. The current therefore travels in such a 
direction as to absorb heat at the hotter junction of the two 
metals. 

When the temperatures of the two junctions differ by a finite 
amount, it will be seen from (9) that the electromotive force is 
generally finite even when one junction is at the neutral point. 
If we suppose that the hot junction is at the neutral point, it is 
clear that both the Thomson effects cannot be absent, for then 
the heat that is developed in the homogeneous parts of the 
circuit would be all conveyed by the current, without assistance, 
from the coldest part of the circuit. It was the consideration of 
this case that led Sir W. Thomson to the discovery of the 
* specific heat of electricity.' 

If we had accepted the old assumptions that the thermal 
effects measure the electromotive forces of contact, or that P = D 
and that the electromotive force of contact of two pieces of the 
same metal at slightly different temperatures is %d0, we should 
have had 



^p-p,-l\2,-t;)d0 (13). 



the condition that the sum of the quantities of heat absorbed at 
the four junctions is equal to the heat evolved (according to 
Joule's law) in the rest of the circuit. Here then the two as- 
sumptions that P = D and that the electromotive force of contact 
of two pieces of the same metal is XdO, exactly neutralize each 
other ; but this fact, it is clear, does not prove that the assumptions 
are correct. 

It may be noticed that the assumption P = D cannot agree 
with our result -P = ^ jZ" unless P is proportional to 0, which 

experiment shews is not usually the case. Again, if S^ «= S^ = 0, 
equations (7) shew that Fg, Hg, F^, H^ are constant, and there- 
fore, by equation (6), P=^D=^ CO, where C is independent of 0. 
But if P^D =(7d, it does not follow conversely that F^, Hg, F^, H^ 
are constant, nor that 2^ = 2^ = 0. 
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Returning to our own theory, let us take as a first approximatioii 

where a, 6, c are constants. Then 

But P vanishes when 0^T : hence 

5 + 2cr=0. 

Thus we have 



= -2c(^.<?o){2'-^} (1^), 



the formula of Avenarius and Tait, which has been found to agree 
sufficiently well with experiment. 

Again, since ^ ^^ j = -^^ , 

we find P^-P^ =-a-f c^, 

which is satisfied by taking 

P=*^ + ib', 
where k and A;^ are constants. 

Hence -7^ = 2A;5, or the ' specific heat of electricity/ 2, varies 

JTT 

as the absolute temperature. Also -j^ = 2i, or fl" = 2iW + 2. 

The ' thermoelectric diagram ' of Prof. Tait is greatly simplified 
by our results. For if cd be the standard metal and M any 
other metal, the ' thermoelectric power ' of M with reference to «, 

or ~-fff^, is equal to Hm— fl«. The standard metal is taken to 

be lead, because the ' specific heat of electricity ' of lead is zero, 
or JTm constant Hence in the diagram, the abscissa represents 6, 
and the ordinate, ifjf — JT^* where H^ is constant 

Lastly, let a galvanic battery have both poles of the same 
metal, and let eveiy part of it be kept at the constant tempe- 
rature 0. Let L be the heat evolved when we efTect in any 
way at constant pressure the same chemical change as is produced 
by the passage through the battery of unit quantit;^ of electricity 
in the direction in which the battery tends to give a current 
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^Iso let us suppose that when the battery is ia action, the 
chemical changes which take place are reversible, and the Peltier 
efiTects and electromotive force the same as when the current 
is infinitesimal. Then the heat absorbed at the junctions on 
the passage of unit quantity can be easily proved to be 

Hence since the heat evolved in the homogeneous parts in the 
same time is E, and the total heat evolved L, we have the result 
of Helmholtz and Gibbs, 

^=^-^f (15)- 

It now only remains to look at the experimental evidence 
relating to the contact theory. In so doing we must remember 
that an electromotive force of contact is produced not only by 
the contact of two conductors, but by the contact of a conductor 
and a non-conductor, and also, but less easily, by the contact of 
two non-conductors. Again, for the sake of simplicity we shall 
often follow the custom of writing BjA for D^^, and whenever 
it is necessary to indicate the temperature, we shall use suffixes : 
thus BjA^ denotes that the two different bodies A, B, are at 
the same temperature 6; B^/Be^, that two portions of the same 
substance are at the different temperatures 0, 0^ . 

It has been pointed out by Maxwell that in experiments 
like those of Clifton and Pellat, in which two plates Z, C, of 
different metals, are employed in the open air, we really measure 
the sum A/Z-\- Z/G-\- C/A, or Z),^+ A/Z-A/C. In like manner, 
when we employ two plates of the same metal Z but at different 
temperatures 0, 0^, we measure Z^jZ^^^- AlZe—AIZ^^. Now 
hitherto the terms AjZ^ — AJZb^ have been always omitted, and 
the experiment has been supposed to prove that Ze/Z^ is not 
zero. But clearly we cannot assume that 

A/Ze - A/Ze, = 0, or that A/Z 

is independent of the temperature ; and therefore the experiment 
does not contradict our result that Z^/Ze^ == 0. 

Let us assume that the thermal effects measure the electro- 
motive forces of contact ; and suppose that we repeat the ex- 
periments of Clifton or Pellat witn two plates Z, U, of different 
metals, first at the temperature 0, and then at a slightly different 
temperature. From the results obtained, we find the value of 
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which we will call /^ (0). Next, if two plates of the same metal Z 
be employed but at slightly different temperatures^ we obtain 

2,+ Tg (-4/Z) = a known quantity/^ (0). Similarly we may get 

2.+ ^(^/0). 
We then easily find 

^^-(2,-2,)=/.(^)-{/.W-/.Wl. 

a result in which the influence of the air does not appear. 

If we accept the thermo-dynamical theory here developed, 
these experiments give 



and therefore 



/»W-{/.W-/.W}=^=^^ 



de 



„!f±^_(2,-2„). 



which is the very result we obtained by assuming that the thermal 
effects measure the electromotive forces of contact. Hence experi- 
ments like those of Cliffcon and Pellat do not help us to decide 
which of the two theories is correct. 

Again, on the assumption that P^D, it follows from the 
experiment which gives -0^^.-1- il/J?— -4/(7, since P is very small, 
that the electromotive forces of contact between the plates and 
the air form great part of the phenomenon observed. It might 
be supposed that this conclusion could be tested directly by ex- 
periment by exhausting the air; but Pellat, by reducing the 
pressure to 1 cm. or 2 cms. of mercury, found little differenoe in 
the result 

If we take the thermo-dynamical theory, it will follow that 
in Pellat's experiment with two plates of the same metal at 
different temperatures, the whole of the phenomenon observed is 
due to the contact of the plates and air. In the case of two 
plates of different metals at the same temperature, a large part 
of the phenomenon observed will also probably be due to the 
contact of the metals with the air. Taking infx) account the 
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experiments of Brown and Pellat on the effects of reducing the 
pressure of the air, we conclude that within attainable limits of 
pressure, A/Z, the electromotive force of contact of the metal 
and air is nearly independent of the pressure of the air. It will 
novr be shewn directly from theory not to be unreasonable to 
suppose that this may be the case. 

If, for shortness, we take A/Z to be a volt, or 10^ times the 
electromagnetic c, O. s. unit^ and suppose the distance, d, of the 

two electric layers to be ^ — ^Tf cm,, the attraction between the 

metal and the air per square centimetre will be 

or about 40,000 x 10' dynes. Hence since the pressure of one 
atmo is only about 10* dynes per square centimetre, we can partly 
understand why the reduction of the pressure to 1 cm« or 2 cms. of 
mercury produces so little effect. 
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Monday, Feb. 8, 1892. 

Professor Darwin, Presideni\ in the Chair. 

Mr W. Heape, M.A., Trinity College, was elected a Fellow 
of the Society. 

The following communication was made to the Society : 

Long Botating Circular Cylinders. By C. Chree, M.A., Fellow 

of King's College. 

§ 1. In Vol vn., Pt IV., pp. 201—215 of the Proceedings I found 
a solution for a thin elastic solid disk of isotropic material rotating 
with uniform angular velocity about a perpendicular to its plane 
through its centre. In the present paper the same method is 
applied to a long ri^ht circular cylinder of isotropic material 
rotating about its axis. The cross section of the cylinder when 
solid is supposed of radius a, when hollow its outer and inner 
boundaries are of radii a and a' respectively. The axis of the 
cylinder is taken for axis of z, the origin being at the middle 
pointy and the notation for the displacements, strains, stresses, etc. 
is the same as in my previous paper, except that the dilatation is 
denoted by A. 

If Poisson's ratio, 17, be zero the solution obtained here satisfies 
all the internal and all the surface equations, whatever be the 
ratio of the length, 21, of the cylinder to its diameter. But for 
other values of 17 it is only true to the same degree of approxi- 
mation as Saint-Yenant's solution for beams, and like that solution 
can Intimately be applied only when l/a is large. This re- 
striction of Saint- Yenant's solution, whether for torsion or flexure, 
is not perhaps in general sufficiently recognised, but the best 
authorities I believe regard it as sufficiently exact only when the 

VOL. VII. PT. VI. 23 



284 Mr Chree, On Long Rotating Circular Cylinders. [Feb. 8, 

length of the beam attains to something like ten times its greatest 
diameter. Unless i; = the present solution ought to be ami- 
larly restricted, and it should not be applied to the portions of tte 
cylinder immediately adjacent to its ends. The solution con- 
siders solely the action of the "centrifugal force", taking do 
account of gravity or of the action of any forces applied at the 
ends by the bearings. 

§ 2. The solution satisfies exactly the internal equations— 
viz. (2) and (3) Lc. p. 203 — , and also the conditions at the 
curved surface or surfaces. The only condition it fails to satisfy 
exactly is that mx vanish at every point of the flat ends. In- 
stead of this we have to be content with satisfying 



/, 



a 

iirrzMdr^O, 

a' 



i,e, instead of making the normal stress over every element zero 
we make the resultant normal stress zero. The solution is thus 
based on the principle of statically equivalent load systems- 
referred to in my previous paper, pp. 206-7 — ^and so can be 
regarded as satisfactory only when the dimension 2a is small 
compared to the dimension 21. 

The solution is found by starting with the expressions (16), 
p. 205, for the displacements, which satisfy the internal equations 
We have then to determine the arbitrary constants by means of 
the surface conditions, viz., 

^ = = rr , when r==a and when r = a'. 



^ = = f 



a 

2irr** dr when z=±l. 



§ 3. It is unnecessary to reproduce the algebraical wotlc, as 
the solution may easily be verified. In terms of Young's modulw 
E and Foisson's ratio i; it is as follows : 

«; = -«V(a* + 0^^ <2^' 

A = 0. p (a + a ) — j^^j— ^ - 0, pT* — 2^^-j— ^ ....(^». 
;;^ = «V(a•-r•)(l-a7r')l^l?^ (H 
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U^.^p(a^-,a^ + a^aV^^)^^^ (6), 

«=a,V(a' + a--2r^)^^^^^ .(6), 

^^0 (7). 



For a solid cylinder the displacements and stresses may be 
correctly deduced firom the above by omitting all the terms con- 
taining a". This solution for a solid cylinder is identical with 
one deduced from the case of a rotating spheroid* by supposing 
the ratio of the axis of figure to the perpendicular axis to mcrease 
indefinitely. 

§ 4. In what follows I shall assume and *5 as limiting 
values of i^f. As regards the latter limit there is a difficulty that 
will be best understood by reference to the relations 

n/m = 1 - 2i7, Sn (1 - n/3m) = E 

between E, tf and Thomson and Tait's elastic constants. 

If we regard E as finite, we must when ff = h h*^® ^^ 
infinite. Thus those terms in the expressions for the stresses in 
terms of the strains which contain m as a factor may remain 
finite, though the corresponding strains vanish in the limit when 
17 = ^. This explains the apparent inconsistency in the express- 
ions supplied by our solution for this value of 17. The strains in 
this case in the solid cylinder take the remarkably simple forms 

u^fo^pcfr/SE, w^-a?pa^zj^E, A = (8); 

111 ... . . uAi , 1 uAJD 

so that the three pnncipal strains, viz. ^ , ujr and -7- , are every- 
where constant. The vanishing of A is a necessary consequence 
of m being infinite, for this implies that the material is incom- 
pressible. 

§ 5. The expressions for the strains and stresses in the axis 
of a solid cylinder and at the inner surface of a hollow cylinder in 
which aja is infinitely small are, it will be noticed, totally 
diflferent; for in the former case terms in a'^jr^ simply do not 
exist, whereas in the latter case a^ji^ = 1. There is thus, as in 
the thin disk, a discontinuity in passing from a solid to a hollow 
cylinder however small a'ja may be. At first sight this appears 
absurd, for it may be argued that if matter has a molecular 
structure, as is generally supposed, then cavities exist everywhere 
between the molecules, and there is no reason why a cylinder 

• Quarterly Journal..., vol. xxm., 18S9, p. 23, Equation (103). 
t Phil, Mag, September 1891, pp. 285—6. 

23—2 
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apparently solid should not have a cavity or cavities devoid of 
molecules occupying the whole or a great portion of its axial 
length. Would not then, it might be urged, such a solid cylinder 
act according to our solution quite differently from another of the 
same material in whose axial line there happened to be numerous 
molecules ? The following seems a satisfactory explanation of this 
difficulty : 

A hollow cylinder in the mathematical sense is one in which 
n and rr vanish over r=^a'; but this implies that a\ even when 
infinitely small compared to a, is still so great compared to mole- 
cular distances, that the action of molecules separated by a 
distance of order a' is inappreciable. There is thus no sudden 
discontinuity, as our solution seems to imply, but a gradual trans- 
ition as a' increases from being a molecular distance to being a 
distance so great that the mathematical conditions for a free 
surface are satisfied. This transition stage is not within the 
compass of the present mathematical theory ; but this is hardly a 
matter of practical importance, for the mathematical conditions 
are probably satisfied m any existing hollow cylinder as exactly 
over its inner as over its outer surface. 

For brevity, a' /a — will be employed to denote the cylinder 
that is hollow in the mathematical sense, but in which a'/a is 
extremely small In the same way a'/a = 1 will be employed to 
denote a cylinder whose wall thickness a — a' is extremely small 
compared to a, though great compared to molecular distances. 

§ 6. Returning to our solution we see that S vanishes when 
t; = 0, so that all the surface conditions are then exactly satisfied. 
The solution in this case is thus complete and applies to circular 
cylinders of all shapes, to thin disks as well as to very long 
cylinders. When t) is small m is very small compared to the 
greatest stress Q, and even when 17 is ^ the greatest value of » 
bears to the greatest value of $$ a ratio which is 4in a solid 
cylinder and not more than -^ in a hollow cylinder. When, bow- 
ever, f) ^ h ^^^ greatest value of m in a sohd cylinder is one half 
the greatest value of $$, and so may be by no means a small 
stress. Now in the case of the thin disk the stresses which failed 
to vanish over the edges were always very small compared to the 
larc;est stresses. Thus, to all appearance, our solution for long 
^Imders is not quite so satisfactory as that for thin disks unless 
roisson's ratio be small. 

§ 7. A striking difference between the effects of rotation on 
thin disks and on long cylinders in which t) ia not zero, is that 
whereas in the former case originally plane sections perpendicular 
to the axis of rotation become paraboloidal, in the latter case 
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such sections remain plane. Unfortunately this absence of cuiTa-^ 
ture could hardly be observed except at the ends, where our 
solution cannot strictly be applied. 

The shortening of the cylinder per unit of length is given by 

(- «///)=( -w/^)=i»V(a* + OV2^ (9). 

with a'* = for the solid cylinder. Though it vanishes with 17, 
this is in ordinary materials an important alteration. Its magni- 
tude in terms of tt^pa^jE — a quantity depending on the density, 
Young's modulus and the velocity at the outer surface — is re- 
corded in the following table for the value '25 of 17, for various 
values of a'ja : — 

Table I. 

Shortemng of cylinder per unit of length, 17 = '25. 

a7a= -2 ^4 •B '8 1 

(-SZ/0-^(«>V7^=125 13 ^145 17 205 26 

The entry under a'/a=^0 applies also to the solid cylinder. 
Since the shortening varies directly as 17, its amount in terms of 
fn^pd^jE may be at once written down for any other value of 17. 
Numerical measures of ( — Sljl) in two typical cases will be found 
in Tables IX. and XI. 

§ 8. The other displacements of most interest are the altera- 
tions ha and ta' in the radii of the two cylindrical surfaces. The 
ratios of these alterations to the original lengths are given in 
terms of to* pa? IE by the formulae 

{haja) -5- (ta'pa^lE) = i {1 - -,7 + (3 + ,7) «>•} (10), 

{Sa'/a') -r {a^*pa'IE) = ^ {3 H- 17 + (1 - ^) a>"} (11). 

Thus the radii of both surfaces are always increc^ed. Taking 
fo^pa^/E as constant, the following table shews how these altera- 
tions of the radii vary with 17 and with a' /a : — 











Tart.k IL 














Valiiei 


o/(So/a) + ((B 


fpa*IE). 






V ' 


a'la = 





•2 


•4 


•6 


•8 


1^0 







•26 


•28 


•37 


•52 


73 


1-0 


•25 




•1875 


•22 


•3175 


•48 


•7075 


1^0 


•5 




•125 


•16 


•265 


•44 


•685 


\-o 
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Table m. 






Valae of^ha'ja') ^ (ea'pcflE). 




17 a'la = 



25 

5 


-2 -4 -6 -8 

•75 -76 79 -84 91 
•8125 82 8425 88 •9325 
•876 88 •895 -92 ^955 


1-0 

1-0 
1-0 
1-0 



The numerical results in these two tables are eaxict*. Both Sala 
and Sa'/a' are linear in rj ; thus results for other values of 17 are 
easily and accurately supplied by interpolation. The results 
under a' /a = apply also to the solid cylinder in Table II., bat 
not of course in Table III. The formulae (10) and (11) are 
identical with (45) and (46), Proceedings, Lc. p. 213, which give 
Ba and Sa' for a thin disk. Thus Tables II. and IIL apply also to 
thin disks. 

The large and steady increase in the value of Sa/a as a /a 
increases is very conspicuous. It is also noteworthy that when 
a'/a has a given value, Ba'/a' increases but ha/a diminishes as 7 
increasea In fact by (10) and (11) 

Sa/a + Ba'/a' = (<o^pa*/E) (1 + a'^/a^'X 

so that Ba/a + Ba'/a' is independent of t). When a' /a approaches 1 
the influence of 17 on the magnitude of the alterations in the radii 
tends to disappear. An idea of the numerical magnitude of 
Sa/a and Ba'/a' will be most easily derived irom the special cases 
treated in Tables IX. and XI. 

For the alteration Ba — Ba in the wall thickness we have 
the same formula as for a thin disk, viz. (47), p. 213, and this 
thickness is increased or diminished by rotation according as 

a/a< or >(l-Jv)^(^'^Jv)l 
see Proceedings, Lc. Equation (48), p. 213, and subsequent remarks. 

Comparing Tables I., II. and III. it will be seen that ( - Hjl) 
is by no means negligible compared to Ba/a and Ba'/a' unless i; 
be small. Thus as (ijl is small, the shortening of the cylinder 
should in general be more easily detected than the alterations 
in its radii. 

§ 9. Since r» is zero the principal strains are everywhere 

dw du J ti 

-y— , -7- and - . 
dz dr r 

* This term as applied to this and following tables means that the nomfirioil 
results are as exaot as the formulae, and not mer^ the first figures of a decimal. 
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The longitudinal strain, -r- , is everywhere negative, i,e, a 

compression. It has the same constant value as w/z, and so 
is given in Tahle I. The transverse strain, u/r, is everywhere 
positive, i.e. an extension, and is never algebraically less than 

du 
the radial strain -j- . Its greatest value, s, which is found at 

the axis of a solid cylinder or the inner surface of a hollow 
cylinder, is thus the greatest strain. For a hollow cylinder it 
is the quantity Sa'/a' of equation (11) and Table III. In a solid 
cylinder it is given by 

^'W'^-'^'slf^ (12); 

whence answering to 17 = 0, i; = '25 and 1; = '6 we obtain 

s^(a>*payE)=- -375, '2916 and '125 respectively. 

The radial strain is most conveniently dealt with by means 
of the formula 

"U;'>'"^T=/« <"'^ 

where for a solid cylinder 

r-*/ir) = a» (3 - 5,) - Sr" (1 - 2ij) (1+ 1,) (14a). 

and for a hollow cylinder 

/(r) = - aV (1 + 1?) (3 - 2v) + (a» + a") r* (3 - 5ti) 

- 3r* (1 - 217) (1+ 1;) (146). 

For the sign of -j- we need only consider that of /(r). 

§ 10. In a solid cylinder f(r) is positive inside and negative 
outside the surface 

r» = a«(3-5i7)-^{3(l-2i7)(l+^)} (16); 

but the radius of this surface exceeds a when 17 > 3. 

Thus in a solid cylinder when 1; > '3 the radial strain is every- 
where an extension ; when, however, 17 < '3 there is a cylindrical 
surface, viz. (15), outside of which it is a compression. When 
17 = or '3 the radial strain vanishes over the surface of the 
cylinder, and elsewhere is an extension; but for intermediate 
values of 17 the region wherein this strain is a compression has 
a small but finite thickness. For a given value of a this thick- 
ness has a maximum value of *03775a approximately when i7=:*2. 
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du 
§ 11. The variations in the sign of -r- in a hollow cylinder 

may be most easily investigated by means of the equation 

/(r) = (m 

where /(r) is given by (146), regard being had to the sign of 
the surface values of /(r), viz. : 

/(aO = -2i^i'«{(3-.iy)a' + (l-3.|)a'«} {17), 

f{a) = -2iK»* {(1 - 3i7) a*+ (3 -iy) a?) {\bi 

Let us denote by a^'/a the least positive root, when real, of 
(a;^+ 1)*(3 - 5i;)' -iar»(l +i|)*(l - 2i|)(3 - 2i|)=0...(19). 
and by a^'/a the positive root of 

a:^ = (3i,~l)/(3-i7) (m 

Then a^'/a is that value of a' /a for which /(r) has equal roots, 
and a^/a is that value for which f(a) =- 0. When aja < a,' a 

then /(a) — and so -p at the outer surfiice — is positive. It i^ 

du 
obvious that (a')"* /(a') — and so -r- at the inner surfiu*— is 

negative for all permissible values of i; greater than 0. For the 
limiting case a /a infinitely small, one root of (16) is of order a. 
This root is given, neglecting higher powers of a /a, by 

»•>« = (a>»)(l + ,;)(3 - 2i,)/(3 - 5,) (2U 

Though for shortness we refer to this case as that where 
a /a = 0, it is most convenient not to neglect the vanishinglj 

small thickness r, — a' within which -r- is negative, as we are 

thus enabled to include this case under the general classificatioD. 
The phenomena ma^ then be grouped under four classes, accordiog 
to the value of t), with transition cases. 

Class I., tf^O. 

Here (a')'*/(a') = =/(a), and f(r) is positive for all inter- 
mediate values of r. Thus for all values of a/c^ the radial strsin 
vanishes over both surfaces of the cylinder, and elsewhere is an 
extension. 

Class IL, < iy < -S. 

Here a//a is imaginary. 

Sub-class (i), a' /a < a^ja : 
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/(r) vanishes over two distinct surfaces within the cylinder. 
Between these the radial strain is an extension, elsewhere it is 
a Gompressiou. 

Transition case, a'ja » a^ja : 

The two surfaces over which /(r) vanishes coincide. At this 
surface the radial strain vanishes, elsewhere it is a compression. 

Suh-class (ii), a'ja > a^/a : 

The radial strain is everywhere a compression. 

Transition case to Glass III., 17 = 'S : 

This follows the same laws as Class II., except that for a' /a = 
one of the two surfaces over which f(r) vanishes coincides with 
the outer surface of the cylinder, so that there is not, as in «ub- 
claas (i) above, a volume of finite thickness at the outer surface 
wherein the radial strain is a compression. 

Class III., -3 < 1; < (4 - >/7)/3, ic -4614 approximately. 

Here Oi'/a is real. 

Sub-class (i), a' /a < a^ja : 

fix) vanishes over one surface within the cylinder, and the 
radial strain is a compression within, an extension outside of this 
surfiEU^e. 

Transition case, a'ja = a^ja : 

f{r) vanishes over a second surface, but this coincides with 
the outer surfeu^e of the cylinder. 

Sub-class (ii), a^la< a/a< a^/a : 

/(r) vanishes over two distinct surfaces within the cylinder. 
Between these the radial strain is an extension, elsewhere it 
is a compression. 

Transition case, a' /a = a^'/a : 

The two surfaces over which f(r) vanishes coincide within 
the cylinder. At this surface the radial strain vanishes, elsewhere 
it is a compression. 

Sub-class (iii), a' /a > u^ja : 

The radial strain is everywhere a compression. 

Transition case to Class lY. 

17 =s (4 - >/7)/8 ; a^la = a^ja = -3728 approximately. 

This follows the same laws as Class III., except that Sub-class 
(ii) is not represented, and for a7a = *8728 the radial strain 
vanishes over two surfaces both coinciding with the outer surface 
of the cylinder. 
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Class IV., (4 - Jl)l^ < -»; > 5. 
Subn^Iass (i), a'ja < a//a : 

/(r) vanishes over one surface within the cylinder^ and the 
radial strain is a compression within, an extension outside of this 
surface. 

Transition case, a'ja = a^ja : 

The radial strain vanishes over the outer surface of the 
cylinder and elsewhere is a compression. 

Sub-class (ii), a' /a > a^lai 

The radial strain is everywhere a compression. 

§ 12. As illustrating Class II. and the transition to Class III. 
we shall consider the values '25 and 'S of 17. The approximate 
values of a^ja in these two cases are respectively "4276 and 
"3728*; i.e, the radial strain is everywhere a compression when, 
17 being "25, a'ja exceeds '4276, and when, 17 bein^ % a'ja exceeds 
'3728. When a'ja<a^ja the radial strain vanishes within the 
cylinder over two surfaces whose radii r^ and r, are the positive 
roots of (16). The values of r,/a and rja for a series of values of 
a'ja are given in the following table to three places of decimals:— 

Table IV. 

Radii of surfaces over which -j- = ; 17 = '25 and '3. 

aja^ 1 -2 -3 4 

134 -273 -423 "616 



__ (rja = l-836a7a -134 273 '423 

V> = -966 -962 -947 -916 

A]r> = l-528a7a 164 315 5 

''■" V,/a = 10 -993 -970 '9166 



•839 



The radial strain is a compression at points whose axial 
distance lies between a' and r, or between r, and a, an extension 
where the axial distance lies between r^ and r,. 

§ 13. As illustrating Class III. we shall consider the value '4 
of 17. For this we find approximately 

a.'ja = -27735, a^ja = -3486. 

Thus when a'ja is less than *27735 the radial strain vanishes 
over only one surface within the cylinder, being a oompressioD 
within, an extension outside of this surface. When a'ja » '27735 
the radial strain vanishes over two surfaces, but one of these is 
the outer surface of the cylinder. When a'/a lies between '27735 

* Equation (19) has the same roots when i;=*ft as when if =(4 - >/7)/3. 
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and *3486 the radial strain vanishes over two distinct surfaces, of 
radii r, and r,, within the cylinder, being an extension between 
these surfaces, and elsewhere a compression. When a' /a = '3486 
these two surfaces coincide, so that the radial strain is nowhere 
on extension. Lastly, when a' /a is greater than '3486 the radial 
strain is everywhere a compression. The radii of the surface or 
surfaces where the radial strain vanishes are given approximately 
in the following table for the values 0, '1, '2 and '3 of a'/a: — 

Table V. 
Radii of surfaces over which , = ; 17 = "4. 

a'la= 1 -2 -3 

rja = l'755a'/a 177 '364 589 
rja = -975 

§ 14. As illustrating Class IV. we shall consider the limiting 
value '5 of 17. For it we find approximately 

a,' /a = -4472. 

Thus when a'/a is less than '4472 the radial strain vanishes 
over one surface, r = Tj , within the cylinder, being a compression 
within, an extension outside of this surface. When a' /a = '4472 
the radial strain vanishes over the outer surface of the cylinder 
and elsewhere is a compression. Lastly when a'/a exceeds '4472 
the radial strain is everywhere a compression. The approximate 
values of rja for the values 0, '1, "2, '3 and '4 of a /a are as 
follows : — 

Table VL 

du 
Radius of surface over which -v = ; 1; = '5. 

ala= -1 -2 -3 '4 

r> = 2'449a7a 244 "480 704 910 

§ 15. The expressions for the stresses call for but little 
remark. In the solid cylinder ^ vanishes over the cylindrical 
surface, and the same is true of H when 17 = '5. Elsewhere these 
stresses are always positive, i.e, tensions. The third principal 
stress, *», vanishes everywhere when 17 «= ; but for other values 
of 17 it vanishes only over the cylindrical surface 

r = a/72, 

being a tension inside, a pressure outside of this surface. It is 
easily shown that r? is never algebraically greater than $$ nor 
algebraically less than *». Thus at every point JJ — «, = S^, is a 
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correct measure of the stress-difference. Its greatest value, S, the 
maximum stress-difference, is found in the axis, being given, by 

S = 1 0, V {I - W(l - *?)} (22)- 

In the hollow cylinder it is obvious from (4) that n^ vanidies 
over both cylindrical surfaces and elsewhere is a tension. Abo u 
is always algebraically greater than r? and so is necessarily a 
tension, thoueh when i/^'S it may be vanishingly small The 
third principal stress u is never algebraically greater than S. It 
is a tension inside a pressure outside of the surface 

r^^(a'.^ a")/2, 

where^^ is a maximum. The stress-difference may be $; - ;;' or 
J$ — M according to the axial distance of the point considered, hot 
the maximum stress-difference is always the value of ii - ^ at the 
inner surface, and is given, since rr is there zero, by 

S = ^« -a)*/>aM3-2i7 + (l -2iy)a7a»} 4-4(1 -17).. .(2S). 

§ 16. In such a problem as the present the question perhaps 
of most practical importance is the determination of the greatest 
safe speed. Under ordinary conditions this is found according to 
the stress-difference theory by attributing to S a limit found 
experimentally ; on the greatest strain theory s is the quantity to 
which an experimental limit is assigned. I have elsewhere* 
discussed this question, pointing out that these theories at best 
can do no more than indicate the limiting stress or strain con- 
sistent with the stress-strain relations in the material remaining 
linear, i,e. obeying Hooke's law. There is, however, no mathe- 
matical objection to their application to determine a safe working 
limit, provided this is consistent with the linearity of the stress- 
strain relations. In the present case the question is complicated 
by the possibilitv of the motion becoming unstable. It is 
obvious, in fact, that in a long thin cylinder there is a danger 
that the axis under rotation may cease to be straight and may 
describe a spindle-shaped surface of revolution about the line 
joining its end& This has been pointed out by Professor Green- 
hillf, who has found formulae for the limiting speed, as depending 
on this kind of instability, in terms of the material and dimensions 
of the cylinder. 

I thus propose in the first place to give tables whence the 
limiting speeas allowed by the stress-difference and greatest 
strain theories may be obtamed, illustrating their application to 
special cases ; secondly, to give data showing how it may be deter- 

* Phil. Mag. September, 1891, pp. 289—248. 

t IfuHtiUion of Meehanieal Engineen, Proceedifig$, 1888, pp. 182— 909i with 
diaetUNiion, pp. 210—226. 
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mined whether these or the speeds assigned by Professor Green- 
bill's theory are the lowest; and thirdly, to direct attention to 
some details of practical interest. 

§ 17. All the methods of determining the limiting speed 
agree in the conclusion that in cylinders of the same material, in 
which l/a and a'/a have given values, the limiting speed is 
reached when the velocity <oa at the outer surface attains a 
certain value. Thus <aa and not a> is the most convenient 
quantity to tabulate. 

On the stress-difference theory we assign to 5 in (22) and (23) 
a limiting value determined for each material by experiment. 
The following table is calculated from these formulae, the limiting 
velocity being termed a>^a for the sake of reference. In using the 

table B has to be replaced by the experimental limit found for the 
material under consideration, and p by its density. 







Table VII. 










Valve of afi 


• ■i-Jl8lp. 








Solid 
' cylinder 


a' la = 


•2 


•4 


•6 


•8 


1-0 


1-633 


1156 


1-147 


1125 


1-091 


1-048 


1-0 


•25 1-732 


1-095 


1091 


1-078 


1-058 


1-031 


1-0 


-5 2-0 


1-0 


1-0 


1-0 


10 


1-0 


1-0 



When less than three decimal figures occur the result is exact. 

On the greatest strain theory the limiting speed is found from 
(12) and (11) — ^as 5 = Ba'/a' in the hollow cylinder, — by assigning 
to i an experimental limit. The value of s like that of E or 
p varies of course from one material to another. Denoting by tofi 
the limiting speed allowed by this theory, we obtain the following 
results : — 









Table VIIL 










Value of a^a 


t -s- jEi/p. 






»> 


Solid 
cylinder 


a' /a = 


•2 


•4 -6 


-8 


1-0 





1-633 


1165 


1147 


1-125 1-091 


1048 


1-0 


-26 


1-852 


1-109 


1104 


1-089 1-066 


1-036 


1-0 


•5 


2-828 


1-069 


1066 


1-057 1043 


1-023 


1-0 



All the results are only approximate except those in the last 
column. 



296 Mr Chree, On Long Rotating Circular Cylinders. [Feb. 8. 

§ 18. In comparing the results of Tables YII. and VLLL it 

should be noticed that in a given material S^Es, if the two 
theories really apply to all forms of strain, because in a bar under 
simple longitudinal traction, 8 would be the longitudinal strain 

answering to a traction K 

It thus appears that the two theories are in exact agreement 
when 17 = for all values of a' /a, and also when a' fa = 1 for all 
values of 97. Also while differing in details they both lead to the 
conclusion that as 97 increases, other properties of the material 
being supposed unaltered, the safe speed rises in a solid cylinder 
but falls in a hollow cylinder for all values of a' fa ; and further 
that in a hollow cylinder of given material as a'/a increases, a 
remaining constant, there is a steady though not large fall in the 
safe speed. To this last law the stress-difference theory recognises 
an exception in the limiting case 97 = '5, when the safe speed is 
according to it the same for all values of a'/a. 

The most striking result is unquestionably the great fall in the 
safe speed which according to both theories follows the removal of 
a core however thin it may be, consistent of course with the mathe- 
matical conditions for a free sur&ce being satisfied. The magni- 
tude of this fall is the more conspicuous the larger 17 is. Even (or 
97 = it amounts to over 29 per cent., and for 17 = '5 it amounts od 
the greatest strain theory to over 62 per cent. For 17 = -25, 
which is at least a fair approach to what is found in ordinair 
isotropic materials, the mean of the falls in the safe speeds pre- 
scribed by the two theories is approximately 38 J per cent. 

While the precise magnitude of the reduction in the safe speed 
due to the removal of a thin axial core may be questioned by 
those who regard with distrust existing theories of "rupture", the 
fact that there is a large reduction must I think be admitted by 
all who recognise the validity of the present solution, provided the 
safe speed is really regulated by the elastic state of the material 
For our formulae show a large increase in the greatest values of 
every stress and strain to follow the removal of a thin core ; so the 
material can hardly fail to be brought considerably nearer to that 
critical condition where the stress-strain relations cease to be 
appreciably linear, whatever the precise elastic quantity may be 
on which that condition depends. 

§ 19. To illustrate the use of the previous tables, and to give 
an idea of the range of the numerical magnitudes of the several 
quantities tabulated, I shall now consider some special cases. 

The first case, to which Table IX. refers, is designed to show 
the mamiitudes of the principal displacements and greatest strains 
when the maximum stress-difference is of given magnitude. The 
value of rf in the material is taken to be -25. Since (—Si//), Sa'a 



•155 


•169 


•190 


•218 


•25 


•262 


•369 


•637 


•753 


10 


•976 


•980 


•985 


•992 


1-0 
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and 8, when 17 is given, vary simply as S/E, it is most convenient 

to attach a value to this ratio and not to S itself. This has the 

further advantage that S/E is a purely numerical quantity, inde- 
pendent of the system of units adopted. It is taken in Table IX. 
to be 001. This value is selected principally owing to the facility 
with which it lends itself to the deduction from the table of 
nuEoerical values in other special cases. It is not intended to 
imply that this is the true ratio of the greatest allowable stress- 
difference to Young's modulus in any actual material. 

Table IX. 
S/E = -001 ; V = -25. 

CySer«Va = -2 -4 6 -8 TO 

(-8Z/Z)xlO» = -375 150 

(Sa/a)xl0» = -562 "225 

5xl0» = -875 -975 

The results, with one or two exceptions, are only approximate. 
In the hollow cylinder s = Sa'/a^ so the table gives also the increase 
in the radius of the inner surface. 

§ 20. The velocity ©a, as may be seen by reference to equa- 
tions (22) and (23) or to Table VII., varies as 'JS/p. So in calcu- 
lating it the absolute values of S and p, or rather their ratio, and 
not the value of S/E, is wanted. 

Since British engineers seem accustomed to measure velocity 
in feet per second and stress in tons weight per sq. inch, these 
units have been adopted in Table X. Two special cases are there 
dealt with, in both of which rf is taken as *25. The first case, in 

which the velocity is styled a^a, answers to S = 12 tons wt. per 
sq. inch, /> = 7'5 times the density of water. This selection is 
made so as to fit in with the case treated in Table IX. For if, as 

there, we suppose S/E ='001, then ^= 12 x 10* tons wt. per sq. 
inch, i.e. approximately 18*90 x 10* grammes wt. per sq. cm. Now 
this value of ^ and a specific gravity of 7*5 may fairly be taken as 
representing steel or wrought iron, though rather low values for 
good material. The second case in Table X., where the velocity is 

styled ©/a, answers to 8=1 ton wL_per sq. inch, p = the density 

of water, or more generally to S = n tons wt. per sq. inch, 
p = n times the density of water. This selection is made with a 
view to fjEkcility of application to other special cases. The results 
are all approximate. 
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Table X. 












Velocity m 


feet per 


second; 


i; = '26. 








Solid 
Cylindei 


^ a' /a - 


•2 


•4 


•6 


•8 


1-0 


<i»ia 


= 893 


665 


663 


666 


546 


532 


516 


w^'a 


» 706 


447 


446 


440 


431 


421 


406 



§ 21. The next special case, that treated in Table XI., sap- 
poses the greatest strain ^= *001, while 17== *25 as before. These 
are the only data on which (— 81/ 1) and ha/a depend ; these quanti- 
ties, when 8 is given, being independent of E or p. 



Table XL 
*=-001; 17 = -25. 

Oy1Ser-V- = 2 4 6 -8 1-0 

( - SZ/O X 10» = -429 154 -169 172 -193 220 -25 

(Sa/a) X 10» = -643 231 268 377 -645 -759 1-0 

The results with the exception of those in the last colamn are 
only approximate. 

In calculating S we require in addition to 8 the value of J?, bat 
not that of p. In Table XII. the value assigned to i? is 20 x 10" 
grammes wt. per sq. cm., which is a fair average for good wrought- 
iron or steel. For practical convenience the maximum stress- 
difference is given in tons wt. per sq. inch, taking 70*3088 grammes 
per sq. cm. as equal to 1 lb. per sq. inch. Ae results are all 
approximate. 

Table XII. 
s = '001 ; ^ = 20 X 10* gramme8 wt per 8q, cm,; tf = '20. 

CySr«Va = -2 -4 -6 8 10 

S, in tons 1 ^ j^.gj ^3.025 13^1 i2-96 1289 1280 12*70 
per sq. mchj 

In calculating the velocity we require in addition to the values 
of 8 and E the value of p. In Table XIII. it is taken to be 7*5 
times the density of water, while 3 and E have the same values as 
in Table XII. The velocity is termed a>/i for distinction ; it is 
measured in feet per second. The results are all approximate. 
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Table XIII. 
« = -001; ^=20xlO«; /> = 7-5; 17 = -25. 

J^y^'^i a7a = -2 -4 -6 8 10 

Ojlmder ' 

JSri^coDd} = 983 589 586 578 566 550 531 

In comparing the ay^ of Table XIIL with the cwja of Table X. 
it must be remembered that the values assigned to E in the two 
cases are different. The proper basis of comparison may at once 
be arrived at from the fact that the stress-difference and greatest 
strain theories are in exact agreement in the limiting case 
a fa = 1. 

§ 22. The results in the last three tables may easily be 
applied to other special cases when rj = •25. Since ( — Bl/l) and 
Sa/a vary simply as 5, if any value other than '001 be assigned to 
s we have only to alter the numbers in Table XI. in the same pro- 
portion. We may also make use of the facts that S variej 

directly as Es, and G>,a varies as jEsjp, to adapt Tables XII. and 
XIII. to other cases. 

For instance, let us take flint-glass, assuming for it r) = '2o and 
allowing to 5 the value '0008. Let us take j&= 6 x 10» grammes 
wt. per sq. cm., and p = 294 times the density of water, values 
which are approximately the mean of those given by Professor 
Everett* Then to obtain numerical results for this case we have 
only to multiply the values of (- Bl/l) and Ba/a in Table XL by '8, 

the values of S in Table XII. by (6/20) x '8 or -24, and the values 

of 6)^ in Table XIIL by V(6/20) x '8 x (7-5/2-94) or -7825 
approximately. 

§ 23. We have next to consider the limits which Professor 
Qreenhill has found for the safe speed when none but "centrifugal" 
forces are supposed to act. He imagines the cylinder bent under 
rotation so as to be in equilibrium under the "centrifugal" forces, 
which tend to increase its bending, and the elastic forces whose 
tendency is to keep it straight. He thence arrives at a relation, 
varying with the terminal conditions, between the velocity of 
rotation and what is practically the ratio of the length to the 
diameter of the cylinder. Taking the velocity and cross section as 
given, Professor Greenhill regards this as fixing the greatest length 
of cylinder in which rotation is stable. 

* Uniti and Physical Constantif, 2nd Edition, Art. 64, 
VOL. VII. PT. VI. 24 
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The method is analogous to that whereby we obtain Euiers 
formula for the greatest length permissible in a strut of given 
section subjected to a given load. If instead of fixing the Yelodtj 
of the cylinder we suppose the ratio of length to diameter given 
us along with the cross section, Professor Qreenbill's relatioo 
assigns a limiting speed which cannot be exceeded without ex- 
posing the cylinder to buckling. 

The physical problem treated by Professor Greenhill is one rf 
great difficulty, and doubts may be entertained as to how eloselj 
it is reproduced in the mathematical problem which he has solved. 
This question would however lead us too far afield, and we shall 
here consider merely the conclusions to which the instability 
formulae lead, throwing all responsibility for the exactness of the 
instability theory upon its author. 

§ 24. For the case of simple rotation Professor Greenhill 
gives two formulae*. In deducing the first he takes 



»-«-s 



dx 

at the ends of the cylinder, where y denotes the perpendicular 
from a point on the axis, supposed bent under rotation, on the 
straight line coinciding with its undisturbed position. This sup- 
poses the axis constrained to retain its original direction at the 
ends. The terminal conditions assumed in the second formula 
are 

This answers to zero curvature of the axis at the ends, or on 
Professor Greenhill's interpretation of the problem to the vanishing 
of the elastic bending couple. 

The conclusions to which the formulae lead appear at first 
sight widely difi*erent, the length allowed by the first set of 
terminal conditions in a cylinder of given section rotating with a 
given speed being according to Professor Greenhill 9*46/ir times— 
or approximately thrice — that allowed by the second. The differ- 
ence IS however in considerable part due to a slight slip made by 
Professor Greenhill in attaching a numerical value to a quantity 
he terms ^/d. For this he quotes {l,c. p. 199) the value 473, 
whereas in reality 

ifjd = 2-36502, 

or only half this value. 

 Those numbered (19) and (20) in Professor GreenhiU's paper, pp. 199 and »0. 
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AmendiDg this numerical coefficient, and employing as pre- 
viously 21 for the length of the cylinder, in place of Professor 
Grcenhill's I, we may represent his two results under the forms 

a>V/^/c' = (2-36502/0* (24), 

€0^plE^^{Trl2l)' (25), 

Tehere k denotes the radius of gyration of the cross section about 
a perpendicular through its centre to the plane of bending. The 
rest of the notation has its previous signi6cation. Professor 
Qreenhill apparently introduces no restriction as to the nature of 
the cross section ; thus the formulae apply presumably to hollow 
as well as solid cylinders. 

The terminal conditions assumed in (25) are based on the 
elastic theory adopted by Professor Qreenhill ; while (24) merely 
assumes the direction of the axis fixed at the ends, and so seems 
exposed to fewer uncertainties. I shall thus direct my attention 
to the first of the two formulae ; but results answering to the 
second can be easily derived from those answering to the first by 
replacing the factor (1'18251)* in equations (26) to (29) below by 

§ 25. Let us then suppose that in a certain isotropic solid 
circular cylinder the limiting velocity as prescribed by (24) is such 

as to cause in the material a maximum stress-difference S. Then 
remembering that a*/4s is the value of /e* in a circle, and that the 
angular velocity which appears in (24) is the same as appears in 
(22), we immediately deduce 

5/^ = (1-18251)* (a/0* (3 - 4i7)-f- 2(1 - rj) (26). 

Similarly if 5 be the greatest strain answering to the velocity 
prescribed by (24) we find by means of (12) 

5 = (1-18251)* (a/0* (3 - 5i;) ^ 2 (1 - ^) (27). 

In a circular annulus «" = (a* + a'*)/4. Thus, remembering 
that 5 =a Sa'/a', we find from (23) and (11) for the maximum stress- 
difference and greatest strain in a hollow cylinder, answering to 
the limiting velocity prescribed by (24), the respective values: 

S/E = (118251)* (a/iy (1 + a" I a') x 

{3-2i; + (l-2^)a>«}-(l-^) (28), 

8 = (118251)* (a/iy (1 + a>') {3 + 1; + (1 - ^) a7a'} . . .(29). 

§ 26. It is obvious that the maximum stress-difference and 
greatest strain answering to the limiting velocity prescribed by 
the instability formula always diminish very rapidly as the ratio of 
the length of the cylinder to its diameter increases. Also when 

24—2 
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the magnitude of SjE or 5 is known for any one value of a//, it is 
a simple matter to obtain its magnitude for any other value of a I 
supposing 17 and a'ja unaltered. The following table gives lite 

approximate numerical magnitudes of SjE and i when I = 10a, 
the value of rj in the material being *25. 



Table XIV. 



Solid 



a'/a 



/" ^— — ^— . ^ 



cylinder '2 -4 '6 -8 lO 

(S/JS?)xlO* = -261 -652 -683 -780 -950 1*206 1-564 
5xl0» = -228 -635 '667 -764 '936 1'196 lo64 

§ 27. By assigning a given value to S\E or 5 in equations 
(26) to (29) we obtain a value of l\a which gives the shortest 

cylinder in which so large a value of 8\E or s would be reached 
when the velocity was kept within the range prescribed by the 

Qreenhill formula (24). If this value of S\E or ^ be the extreme 
limit of safe working in the material considered, the corresponding 
value of l\a determines the shortest cylinder in which the safe 
speed can properly be assigned by (24). Suppose for instance 
17 = 0, the case in which the stress-difference and greatest strain 

theories agree, and let SjE =: 8 = '001 denote the safe working 
limit, then the values of Ija for the shortest cylinders in which it 
is legitimate to determine the safe speed by means of (24) are 
those given in the following table : — 



Solid 



Table XV. 

a'ja 



—•^ 



cylinder -2 4 '6 S ID 

Z/a = 7-36 8-75 8-87 920 972 10-39 1118 

For the limiting case a'/a = 1 the result is independent of % 
and in fact the value of 17 is of comparatively little importance 
except in the case of the solid cylinder or when a /a is small 
The difference between the limiting values of Ija allowed to the 
application of (24) in a solid cylinder and in a hollow cylinder in 
which aVa is vanishingly small is least when ^ = 0. It is greatest 
when 17 = '5, in which case we find for Ija in a solid cylinder 

answering to SjE ='001, and to 5=*001 the respective values 
6-65 and 5o9; while for the hollow cylinder a'ja = the cor- 
responding values are no less than 9*40 and 910. 
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Since l/a according to the formulae (26) to (29) varies as 

(/SrYjS)* or (1/s)* it is easy to adapt results such as those of 
TaWe XV. to cases when values other than '001 are allowed 

to *S/E or s. A caution may however be not unnecessary as 
to the use of such results, viz. that unless 17 vanish or be very 
small the solution obtained in the present paper is not altogether 
trustworthy when l/a is markedly less than 10, and that the 
Oreenhill theory is probably in such a case still more untrust- 
"worthy. 

§ 28. Tables XIV. and XV. show that Professor Greenhill's 
formula (24), assuming his theory trustworthy in itself, ought 
not to be applied in determining the limiting speeds in hollow 
cylinders whose length is less than 12 or 13 times their diameter, 
^without a check being applied by reference to the results of 
the present paper. The thinner the walls of the cylinder the 
more necessary is the check. In solid cylinders, a check of this 
sort is less necessary, but it must be remembered that when 
l/a is less than 10 the hypotheses on which (24) is based can 
hardly be considered satisfactory. 

§ 29. While the exact law laid down by the Greenhill for- 
mula, viz. that the limiting speed o>a as far as instability is con- 
cerned varies as (a/iy\ cannot be relied on in short cylinders, 
there can be little doubt that there is a continuous and rapid 
diminution in the tendency to instability as Ifa is reduced 
helow 10. On the other hand, a large increase in the limiting 
speed allowed by the stress-difference and greatest strain theories 
can hardly accompany this reduction of l/a. 

For while in short cylinders the strains and stresses will doubt- 
less for ordinary values of rj vary appreciably with z, the mean 
value of a certain strain or stress-difference for a given value 
of r when taken between ± I seems hardly likely to vary much 
with l/a. 

Thus it is a priori improbable that the greatest values 
reached by these quantities in a short cylinder can be much 
less than the values attained in a long cylinder, the values of 
fi>a and a /a being the same, though conceivably in some cases 
they may be appreciably greater (cf. § 31). 

The following considerations afford strong support to this 
view: The expressions we have found for the maximum stress- 
difference and greatest strain both in thin disks and long cylinders, 
when ©a, a'/a, p and E are treated as constants, vary with the 
value of rf only within comparatively narrow limits (see § 17). 
Unless then the influence of 17 on the magnitude of these 
quantities be very much greater in cylinders of intermediate 
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length, a fair idea of this magnitude in any material may be 
derived by supposing 17 to vanish. But our solution is ezad 
when 17 = 0, and the maximum stress-difiference and greatest 
strain are then wholly independent of Ija. 

There is thus, on various grounds^ a strong presumption that 
in any isotropic material the limiting safe speeds allowed by a 
complete elastic theory in short cylinders would not differ very 
much from those which the elastic theory of the present paper 
allows in long cylinders. Thus, even if Professor Greenhflls 
method could be trusted when Ija ceases to be large, recourse 
would require to be had to the strict elastic theory and not to 
his formulae to fix a limiting speed 

§ 30. In Professor Greenhill's paper, and in the discussioa 
which follows it^ reference is made to propeller shafts in steamers. 
These shafts, at least in large steamers, are of a length very great 
compared to their diameter. The ''Servia" for instance is said 
to have a solid shaft 164 feet long and only 22^ inches in diameter. 
It seems however the practice to support the shaft at intervals; 
in the " Servia " for example there are ^bearings making of the 
shaft 8 lengths. In such a case the distance between the 
bearings ought presumably to be regarded as the length 2/ in 
applying the instability formula. The value of Ija may perhaps 
still be great enough for a legitimate application of the Greenhill 
theory, but it is by no means so great that a consideration of 
the magnitude of the elastic strains and stresses can be safelj 
dispensed with, at least in wrought-iron. When a shaft of this 
kind is hollow, as is sometimes the case, the magnitudes of the 
elastic strains and stresses given by our formulae should be looked 
to, even if the material be the best steeL These remarks assume 
of course that none but "centrifugal" forces act. In propeller 
shafts under normal conditions this is far from true, there being 
torsional and longitudinal forces as well, whose effects may be 
large compared to those of the "centrifugal" forces. When 
such a compound system of forces acts, the limiting speed ac- 
cording to the elastic theory is to be got by superposing the 
displacements arising from the several sources, and then ascribing 
limiting values to the maximum stress-difference or greatest 
strain given by the complete solution. It would however be 
straying too fur from our main subject to discuss this matter 
further. 

§ 31. Reference has already been made to the comparatively 
small difference between the limiting speeds allowed by the 
elastic theories of "rupture" in long cylinders and in thin disksL 
The exact relations between these speeds arc as follows: 
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Let the limiting speeds in a long solid cylinder and in a 
complete disk, both of radius a and of the same isotropic material, 
be denoted by i»^ and A, respectively on the stress-difference 
theory, by 6>, and fl, respectively on the greatest strain theory. 
Then by reference to my previous paper, we easily find 

</n,« = l + i; (2 - ^)/(3 - 4);) (30), 

</a;=l+^'(l + ^)/(3-5^) (31). 

Hence ©i/flj and <oJil^ both vary from 1 when ^ = to >/7/4, 
or 1*3229 approximately, when rj = '5. For rj = '25 we have 
approximately 

©i/fli = 1104, ft)^n, = 1022. 

For a hollow cylinder and an annular disk of the same 
isotropic material, with the same values of a and a, we find, 
distinguishing the results from those given above by dashed 
letters : 

(©//n/)' = 1 - 1?« (1 - a'' la') - {3 - 2i7 + (1 - 2i?) a''/ a'} . . .(32). 
(«;/ft;)'=l,for all values of 17 and ota/a (33).. 

Thus the limiting speeds on the greatest strain theory are 
here identical, and on the stress-difference theory the difference 
between the speeds is extremely small for ordinary materials, 
especially when 1 — a' /a is small. It is worth noticing that 
according to the stress-difference theory the limiting speed is 
less in the long hollow cylinder than in the corresponding thin 
disk, whereas it is greater according to both theories in the long 
solid cylinder than in the complete disk of the same radius. 



Monday, Feb. 22, 1892. 
Professor G. H. Darwin, President, in the Chair. 

The following communications were made to the Society : 

(1) Some preliminary notes on the anatomy and habits of 
Alcyonium digitatum. By Sydney J. Hickson, M.A., Fellow 
of Downing College, Cambridge. 

Alcyonium digitatum is one of the most difficult Coelenterates 
to kill in a fully expanded condition. In the first place it is only 
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extremely rarely that the large proportion of the polypes of a 
specimen in an aquarium fully expand themselves, and when they 
are in that condition the slightest touch or irritation of any part 
of the colony causes an immediate contraction of the tentacles. 
Again when a favourable opportunity arises it is found that all the 
neutral killing reagents such as corrosive sublimate, etc. fail to kill 
the polypes before they have time to partially retract. The only 
method that gives tolerably satisfactory results is Lo. Biancho's 
No. 11. Chromo-acetic acid method, and this of course partiallj 
dissolves the calcareous spicules. 

When a living specimen of an Alcyonium digitatum is examined 
in an aquarium the polypes may frequently be observed in varioiis 
stages of expansion and retraction. Sometimes all the polypes 
are completely retracted, but I have never yet observed in aoy 
specimen all the polypes fully expanded at the same time. By far 
the most frequent condition of the Alcyonium is one in which 
a few polypes here and there are fully expanded, others expanded 
but with their tentacles contracted, and others only just protrudiDg 
from the surface of the colony. 

These two stages are the normal ones that each polype passes 
through in reaching complete retraction from complete expansion. 
When the polype is completely expanded both the body-wall and 
the tentacles are delicate and transparent. 

The first stage in the retraction is the contraction of the 
tentacles. The crown of the polype becomes roughly octagonal 
iu shape with an obtuse solid knob — the contracted tentacle at 
each angle. 

In the next stage the contracted tentacles bend over towards 
the mouth and concurrently with the retraction of the body 
of the polype they sink into a circular fold of the body- 
wall. 

The invagination of the polype then proceeds at the base until 
the crown covered by the fold of body-wall sinks below the surface 
of the colony. 

When the crown has sunk below the surface of the colony the 
aperture is closed by the folding of the delicate body-wall of the 
base of the polype over the crown, but when the colony enters into 
a state of complete contraction, as it does for example when it is 
taken out of the water for a few minutes, the tough obtuse surface 
of the colony contracts over this delicate base leaving only a star- 
like slit to mark the position of the retracted polype. 

The ectoderm is in the uninjured specimens composed of 
several layers of cells. Under unhealthy conditions the superficial 
layers are apt to slough. 

The stomodaeum of each fully-developed polype opens into 
a long coelenteron that passes down to the base of the colony. 
In a longitudinal section tli rough a branch of the colony the 
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coeleDtera spread from the base in a fan-like manner towards the 
periphery. 

Between the coelentera there is a dense clear mesogloea 
containing spicules, endodermic cell cords, a very delicate netwoik 
of nerve (?) fibrils and cells. 

The young polypes originate in these endodermic cords, the 
coelentera being developed later, and do not communicate directly 
with the coelentera of the older polypes until they are nearly full 
grown. 

The endodermic cords are usually described as canals but there 
is no evidence of the presence of a lumen. Numerous injection 
experiments failed to prove the existence of any cavity in these 
structures. 

The nerve (?) netwoik can only be made out in fresh osmic 
acid preparations. It consists of a fine network of delicate fibrils 
connecting isolated mono- bi- and tripolar cells. It is difficult to 
trace in the peripheral parts of the colony, since the presence of 
a very large number of spicules makes it a matter of some diffi- 
culty to cut very thin sections of the fresh tissues. 

When the tide is low in the tropics some forms of Zoophytes, 
such as Tubipora, Clavularia, Sarcophytum, the Astraeidse and 
a few others, remain expanded until the water actually leaves the 
edge of the reef. Others on the other hand, such as Heliopora, 
Millepora and most of the Madrepores, completely retract while 
there is still a foot or more of water covering them. Some 
Zoophytes in fact appear to anticipate low tide before others, and 
it occurred to me that this might be to a certain extent due to 
the development of a rhythm similar to the rhythmic movements 
of certain plants. 

In order to determine if possible the truth or falsity of this 
supposition I made last autumn a series of experiments upon 
Alcyonium digitatum in the tanks at the Plymouth laboratory. 

I placed a number of specimens of Alcyonium digitatum, 
collected partly in the shallow water of the Catwater and partly 
in deeper water off the Eddystone lighthouse, in one of the tanks, 
and I noticed that nearly all of them contracted completely twice 
in every twenty-four hours for the first three or four days. 

Those that did not contract in this manner soon showed 
bubbles of gas in their tissues and commenced to putrify. 

I also placed a number of specimens in another tank in which 
I arranged an artificial tide by means of siphons. It was so 
arranged that the water should run off — but not so completely 
as to leave the Alcyoniums uncovered — in twelve hours and fill 
up again in twelve hours. The Alcyoniums contracted with toler- 
able regularity twice in twenty-four hours for the first two days 
and then contracted quite irregularly, some only once, some twice. 
At the end of a fortnight two out of the three that remained in 
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a healthy conditioxi contracted regularly only oDce in twenty-feer 
hours. 

These experiments appear to indicate Ist that there is a 
rhythmic contraction of the polypes of Alcyonium digitatum ia 
the normal conditions twice m every twenty-four hours, 2im1 thaa 
a new rhythm may be induced by an artificial tide of dififeraKt 
duration to the natural one. 

On the other hand the results of the investigation are not 
altogether satisfactory on account of 1st the large number id 
specimens that became unhealthy during the progress of the 
experiment, 2nd the fact that the only three specimens that 
survived in the tank with the artificial tide were taken from the 
deep water ofiF the Ekldystone. 

Far more satisfactory results would probably be obtained if 
experiments were tried upon a number of Alcyoniums taken fr>m 
shallow water direct and placed in the tanks. Many of the 
specimens collected from the Catwater were probably taken br 
the trawlers from deep water and thrown overboard as they entered 
the harbour and were in consequence in an unhealthy condition 
when collected. 

The subject however seems to me to be worthy of further 
investigation. 



(2) On the action of Lymph in producing Intravascular 
Clotting. By Lewis Shore, M.D., Fellow of St John's College. 

From 1883 to 1889 numerous papers' were published by 
Wooldridge on intravascular clotting. He showed that when a 
watery extract of lymphatic glands, of testis, of thymus and of 
other tissues was injected into the blood, death by more or less 
extensive intravascular clotting was produced. He further showed 
that this property depended on the presence in the extracts of 
substances, proteid in nature, named by him tissue-fibrinogens. 
He could also obtain these bodies from chyle^ but he made no 
definite statement that ordinary lymph could produce intra* 
vascular clotting ; but it is clear from his paper on Auto-infectioa 
in Cardiac disease' that he attributed to it such power, although 
he had no definite experimental proof to bring forward. When 
we consider that he proved the power to reside in the juice 
expressed from lymphatic glands it seems very remarkable that he 
did not try lymph drawn from the thoracic duct. The various 

1 Chiefly in Proceedings of Royal Soc^ and Journal of Physiology, 

3 Ladwig'8 Festschrift, 1887. 221. 

> Proceedings of Royal Society , xi«v. 809. 
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: extracts and fluids he injected are all artificial, and none, not even 
>he expressed juice from the lymphatic glands, can be considered 
/.IS normally present in the body m exactly the form in which he 
. .DJected them. It was therefore of the greatest importance from 
: hiB point of view to show that the lymph as it is normally passing 
;:^to the blood carries with it the very substances which the arti- 
ficial extracts contain, viz. tissue fibrinogens, and that the lymph 
itself when injected in the same way as the extracts, does by 
. virtue of these bodies produce intravascular clotting. The present 
. paper is a preliminary account of a few experiments I have so far 
. made whicn supplement and continue Wooldridge's work on this 
^ point. The observations were made during the continuation of 
m V work on the action of peptone on the clotting of Lymph and 
. Brood\ It was shown by Heidenhain* that when peptone is 
injected into the blood, the flow of Ijnnph is much increased and 
the percentage of proteids in it increased. It was possible then, 
that the blood had lost to the lymph certain proteids necessary to 
clotting, and that the cause of the loss of clotting power was to be 
sought by studying the relations of the lymph to the blood. The 
addition of peptone lymph to peptone blood out of the body did 
. not lead to clotting. I then turned to the intravascular injection 
of lymph, and first of all to normal lymph. 

The lymph was collected from the thoracic duct of a dog in 
the ordinary way. In the first experiment 12 c.c. of lymph could 
be collected before it clotted. This was quickly injected into the 
jugular vein of a rabbit, there was some rapid respiration, and in 
2 — 3 minutes the animal was dead. The heart, and all the 
arteries and veins, even their small branches, as far as traced, con- 
tained only clotted blood. The clotting was complete so that long 
" blood casts " could be drawn from the vessels. A smaller quan- 
tity of the same lymph, 5 cc, was then collected and injected 
into another rabbit. In about one minute the animal was dead, 
and general intravascular clotting was foimd as before. It was at 
once considered possible that the difference in the species of the 
two animals might be of great importance. Ricbet and Hericourt' 
found that 12 cc. of defibrinated dog's blood was sufficient to kill 
a rabbit, but the condition found after death was not one of 
general intravascular clotting, as only a few small clots were 
formed, although there was a profound influence on the red 
corpuscles. I injected 15 c.c. of freshly drawn arterial blood from 
the same dog without producing any efifect on the clotting power 
of the rabbit's blood, neither hastening or retarding clotting. 
Lymph from the same dog was allowed to clot, and 15 cc. of the 
lymph serum, injected into a rabbit, also produced no effect. 

1 Journal of Phy Biology, xi. 661. ' Pflfiger'a Archiv, xlix. 209. 

> Comptes rendus de la Soc. de Biol, cvxi. 748 and ex. 1282. 
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Subsequent experiments showed that the intravascular dotting 
produced in the rabbit by the injection of the lymph of the dog b 
not alwiays so complete as in the experiments just recorded* In 
many cases the animal died very soon after the injection was 
completed, but on examination clots were found only in the heart 
In some cases the clots were restricted to the right side of the 
heart. Again in some cases the animals died within two or three 
minutes after the injection, and generally after some disturbed 
respiration, but the blood even in the heart was found to be 
fluid. Sometimes however in these cases a careful examinatioa 
has revealed minute clots in the right side of the heart and in 
the puhnonary vessels. The blood in these cases usually clotted 
almost instantly it was shed. Several cases have occurred in 
which the injection of lymph produced no obvious effect on the 
rabbit. 

I am not able at present to fully explain this considerable 
variability in action. The explanation is to be sought rather in 
the condition of the lymph injected than in variations in the blood 
of the rabbit. It would be naturally expected that the variation, 
in the density, the amount of proteids, and the number of 
leucocytes, &c which occur in the lymph of the dog, would 
influence the amount necessary to be injected to produce intra- 
vascular clotting. The rate of clotting of the lymph limits the 
amount which can be used, and it is rare that more than 10 c.c of 
normal lymph can be collected before clotting has set in. This is 
a serious ditSculty in the work, and in the negative cases observed 
a rapid clotting lymph was generally recorded. The most active 
lymph in producing intravascular clotting is that obtained from a 
dog in active digestion. Wooldridge also observed that the intra- 
vascular clotting produced by the injection of tissue-fibrinogen is 
more readily produced and is more extensive when the animal 
experimented with is in full digestion. I have however observed 
that the opaque white lymph in these cases is sometimes inert. 

Large quantities of lymph, which does not clot, may be 
obtained by the injection of peptone into the vascular s^tem. 
Such lymph is however unable to cause intravascular clotting 
when injected into a rabbit. So also is "salted lymph," that is 
lymph received into solutions of neutral salts. That this can be 
explained by the presence in the lymph in these cases of sub- 
stances opposing the action of the clotting-exciting substance, is 
probably shown by the fact that tissue-fibrinogen can be separated 
from the plasma of such lymph, and that its injection leads to 
intravascular clotting. 

Tissue-fibrinogen was obtained from lymph in the following 
way. The lymph was allowed to drop directly from the thoracic 
duct into a very small quantity of very dilute acetic acid, a few 
more drops of the diluted acid being added from time to time as 
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the aiuouDt collected increased. A precipitate was thus at once 
formed, this was separated by centrifugalisation, and then twice 
'washed with water as Wooldridge directed. On the addition of a 
small quantity of alkali, very dilute sodic hydrate, the precipitate 
almost completely dissolves. (It consists partly of leucocytes 
separated by the centrifuge.) 

The tissue-fibrinogen solution itself clotted in 2 — 5 minutes to 
a firm jelly. If injected at once into a rabbit, the animal dies 
almost immediately, and clots are found in the heart and in some 
cases the portal system. This result was however not always 
produced, sometimes the animal remained alive, but its blood was 
found to have lost its clotting power. This is in full accord with 
the observations of Wooldridge, with tissue-fibrinogen obtained 
from glands and testis. 

A substance, which produces intravascular clotting, may be 
obtained from lymph by a method indicated by Alexander 
Schmidt \ He found that an alcoholic extract of lymphatic 
glands, of liver, and other tissues contained a substance which 
excited clotting in horse's plasma. I allowed lymph to drop from 
the thoracic duct directly into alcohol, the precipitate was then 
shaken with the alcohol for several hours, and then the alcohol 
was poured ofiF and evaporated to dryness at 37°, and the residue 
shaken up with a little water. A considerable portion dissolved, 
and 4 c.c. of this, which formed a clear, slightly pinkish coloured 
solution, was injected into the jugular vein of a rabbit. The 
animal died at ouce, and the heart and large veins were full of 
clotted blood. The alcoholic extract of blood treated in the same 
way does not produce intravascular clotting. 



(3) On the fever produced by the Injection of sterilized Vibrio 
Metschnikovi cultures into rabbits. By E. H. Hankin, B.A., 
Fellow of St John's College, and A. A. Kanthack (M.B, Lond»), 
St John's College. 

It is well known that a fever can be produced in rabbits by 
intravenous injection of the products of the growth of Vibrio 
Metschnikovi, a microbe closely allied to the Cholera-germ. The 
serum of rabbits possesses a certain power of killing the Vibrio 
Metschnikovi, and we have attempted to find out whether this 
'bactericidal power' is increased during or after the fever produced 
by the method above mentioned. We have also noted the numbers 
of leucocytes present in the rabbit's blood before and after the 
fever, in the hope of being able to establish some relation between 

> CentraWlatt filr Phygiologie, iv. 257. 
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the numbers of leucocytes present in the blood, and the degree of 
' bactericidal power ' possessed by the serum derived from it. 

The following is a short summary of our observations : 

(1) Methods employed. The microbe was grown in calves-foot 
bouillon for fourteen days. The culture fluid was then sterili^ 
by heating in an autoclave to 115*^ C. for a quarter of an hoar. 
Of the turbid liquid thus obtained J to | cc. was injected into the 
lateral ear vein of a rabbit by means of a Koch's syringe. The 
temperature of the rabbit was taken in the usual way every half- 
hour, and when desired the animal was killed by cutting the 
carotid artery under antiseptic precautions. The blood was received 
into a sterilized centrifuge tube and was centrifugalised as soon 
as clotting had taken place. By this means a large quantity <^ 
serum can be obtained within a few minutes of the death of die 
animal. 

(2) The rise of temperature. Almost always such an injection 
was followed by a rise of temperature of 1 to 2^ degrees Centigrade. 
A temperature of 41 ^^C. was the highest that we have hitherto 
observed. The temperature generally rises quickly and within an 
hour after the injection may be two degrees above the noimaL 
The maximum temperature is reached in 1^ to 2J hours after 
injection. The fall is far more gradual, but the temperature has 
generally returned to the normal within six hours of the injection. 

(3) Efect of the injection on the number of leucocytes present 
in the blood. Soon after the injection the number of leucocytes 
present falls to a fraction of the normal. Within an hour of the 
injection the larger leucocytes with lobed nuclei may have dimin* 
ished to so great a degi-ee that several preparations have to be 
examined before one of them can be seen. The smaller white 
blood corpuscles however, consisting of one spherical deeply-staining 
nucleus and a trace of protoplasm (= lymphocyte), are not affect^ 
to so great an extent. Often scarcely any decrease in their 
number can be observed. At about the period of the acme of the 
fever a slight increase in the number of leucocytes is generally 
to be seen, so that almost as many are present as in. the blood 
of a normal rabbit At a later stage, when the fever has neariy 
passed off, a great increase in the number of leucocytes is always 
met with. In the majority of cases this increase is quite sudden. 
In one case for instance a preparation of blood taken 4^ houis 
after injection showed scarcely any of the larger leucocytes* A 
similar preparation made 4^ hours after injection, showed a well- 
marked leucocytosis. Five hours after the injection so many 
leucocytes were present that 40 to 50 could ofben be counted 
under the microscope in a single field of view. The increase affects, 
for the most part, the larger leucocytes with lobed nuclei As a 
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rule only a slight increase in the number of lymphocytes present 
can be observed. After two days the blood still exhibits the same 
increased number of leucocytes. At the end of a week a certain 
amount of leucocytosis is still present, though the excess appears, 
in some of the few cases examined at this period, to consist to a 
great extent of the smaller lymphocytes. 

(4) Changes in the bactericidal power of the serum. Blood 
taken from a rabbit during the diminution stage of the number of 
leucocytes present, yields serum having less power of killing the 
Vibrio Metschuikovi than is normal. Blood taken as soon as 
leucocytosis has appeared jrields serum which exerts a bactericidal 
action on this microbe which may be two or three times as great 
as that possessed by serum from an ordinary rabbit. It is note- 
worthy that this increase is not proportional to the increase in the 
number of leucocytes present. Blood taken twenty-four to forty- 
eight hours after injection yields serum which possesses a bacteri- 
cidal power for Vibrio Metschuikovi far above the normal. In one 
experiment a given volume of serum was found to be able to kill 
about 60 times as many microbes as could be killed by the same 
quantity of normal serum. 

(4) Note on the Method of Fertilisation in Ixora. By J. C. 
Willis, BA., "Frank Smart Student in Botany, Gonville and 
Caius College. 

In Ixora salicifolia, D.C., the flowers are massed together in 
large corymbs, and thus rendered very conspicuous. A ring-shaped 
nectary upon the epigynous disc secretes honey, which is protected 
from rain and from short-lipped insects by the corolla-tube, whose 
length is 30 mm. and diameter about 1*5 mm. The anthers 
dehisce in the bud, introrsely, shedding their pollen upon the 
style, whose stigmas are tightly closed together, and thus protected 
from the pollen. When the flower opens, the stamens bend 
outwards and downwards until the anthers are below the rim of 
the corolla, when they usually fall off altogether. The style 
presents the pollen to insects visiting the flower. After the lapse 
of about twenty-four hours the stigmas separate from one another, 
and the flower is now in its second stage. The stigmas do not 
roll back so far as to ehect autogamy. 

A similar mechanism appears to occur in /. coccinea, and, so 
far as can be judged from oiied specimens, in many other species 
of the genus. 
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Monday, March 7, 1892. 
Professor G. H. Darwin, President, in the Chair, 

The following commimications were made to the Society : 

(1) Some Experiments on Electric Discharge, By Professor 
Thomson. 

A series of experimeDts were shown in which the electric 
discharge took place in bulbs without electrodes. It was shown 
that the colour of the discharge through the same gas varied 
very greatly with the density of the gas and the intensity of 
the discharge. This was illustrated by two bulbs each con- 
taining air; the discharge through one was a bright blue and 
through the other an apple-green. Another experiment showed 
that gas at a very low pressure could not act as an electromagnetic 
screen, though it did so at a high pressure. The laws governing 
the absorption of energy by conductors placed near very rapidly 
alternating currents were illustrated by experiments which showed 
that there was much greater absorption of energy by small pieces 
of tin-foil than large masses of brass or copper. 



(2) On the perturbation of a comet in the neighbourhood of a 
planet. By Q. H. Darwin, F.R.S., Plumian Professor and Fellow 
of Trinity College. 

In Chapter II. of Book ix. of the Micanique Cdeste^ Laplace 
considers the transformation of the orbit of a comet when it 
passes a large planet. His object is to show that the action of 
Jupiter suffices to account for the disappearance of Lexell's comet 
after 1779. 

He remarks that if a comet passes very near to Jupiter, it 
will throughout a small portion of its orbit move round the 
planet almost as though it were unperturbed by the Sun, and 
that both before its approach to and after its recession from 
the planet it will move round the Sun almost as though it were 
unperturbed by the planet. The nature of the orbit of the 
comet will usually be much transformed by its encounter with 
the planet It is clear then that there must be some surface 
surrounding the planet which separates the region, inside of 
which the comet moves nearly round the planet, from the region 
in which it moves nearly round the Sun. Such a surface is to 
be found by the comparison of the ratio of the perturbing force 
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to the central force in the motion round the Sun with its value 
in the motion round the planet. There is a certain surface at 
which this ratio will be the same in the two cases, and this is 
the surface required for the proposed approximate treatment of 
the problem. 

Now it does not appear to me that Laplace makes any attempt 
to show that such a surface is even approximately spherical, but 
he assumes that what has been called '' the sphere of Jupiter's 
activity " is a true sphere, and determines its radius by the con- 
sideration of a special case. 

The object of the present note is then to treat this problem 
more fully than does Laplace, and to investigate the nature of 
the surface in question. 

It will appear that whilst Laplace's result is accurate enough 
for the purpose for which it is intended, yet a slightly different 
value for the radius of the sphere of activity would be more nearly 
correct. 

Let ii, r be the radii vectores of Jupiter and of the comet, 
and let p be the distance of the comet from Jupiter. 

Let CO be the angle between R and r, and the angle between 
R produced and p. 

Let 5, ilf, m be the masses of the Sun, Jupiter and the 
comet. 

Let P, T be the disturbing forces along and perpendicular 
to p, which act on the comet in its motion round the Sun ; let 
F be the resultant of P, 7; and let C be the central force acting 
on the comet. 

Let 3p, ®, Jp, dD be the similar things, also with reference 
to p, in the motion of the comet round Jupiter. 

Now we want to find a surface with reference to Jupiter 
such that outside of it the comet moves approximately in a conic 
section round the Sun, and inside of it in a conic section round 
Jupiter. 

If we consider a surface such that 

0""®' 
we shall have what is required. 

By the ordinary theory the disturbing function for the motion 
of the comet round the Sun as perturbed by Jupiter, is 



g-Jcoso.}. 



M 
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But r cos fi> s p cos + JS, hence the disturbing function is 

Differentiating with respect to p and 0, we have 

Hence F* = M*iX+^ + 4^cose\ 

r 

Arain the disturbing function for the motion of the comet 
rouna Jupiter as perturl^d by the Sun is 

It will be seen that the sign of the second t«rm is here +, 
because the angle between R and p is tt — d. 

In this formula we have 

r* = p" + J? + 2piicostf. 

Hence differentiating with respect to p and 0, we have 

Now we might proceed to square these two and add them 
together to find ;{P, and so go on to find the rigorous ezpresoon 
for Jp/®, which equated to F/ G will give the rigorous equatioD 
to the required surface ; but the result would be so complex as 
to be of little value because not easily intdligible. 

I therefore at once proceed to approximation. 
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S being very large compared with M and m, p will be small 
compared with r. 

Then since r^ = -B* + p' + 2Rp cos 0, 



and 



^ ^ « P ^ 3 p* 15 p" 

^ = l-3jcos<?.-J, + ^^,cos'^. 

Therefore approximately 

= _||l.3coe'^_9Peo3^+^Jcos«^}. 
I 
**= + ^*|(l-3cos«^)» 



+ 3 cos ^(5 cos' ^ - 3)(1 - 3 cos* 6) ^ 

■IV 



Again 

I 

®' = + ^* jo cos» ^ (1 - cos» 0) 



whence 



-9co8d(5cos'^-l)(l-cos*^)^l, 



ir = 5'|l + 3co8»<?-12cos"^^|. 



Now 
And 



f = (jBT^yi^ {l + 3cos'^- 12cos'<?£} . 

We now have to introduce a similar approximation into tlie 
value of ^/C". 



25—2 
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r* p 

We have ^4 = 1 + 4 -^ cos ^, 

and therefore c'^isTiii) 7 (^ "*" * 4 ''''' ^) ' 
Equating F*/C* to iP/®', we get 

- 4 cos 5 (1 4- 6 cos'tf) ^1 ; 



•■■ ?=©'(i^)*a-'--«* 



r 2 C08g(l + 6c08'g) p) 

j 5 l + 3cos«d JB)' 



Thus the equation to the surface is approximately 
R /iSf\i/S + m\i 






f 2 /M\i f M+m \i cos g (1 4- 6 cos* g) ) 



(1+3C08««)** 

It is usually the case that m is negligible compared with M, 
and that M is also small compared with S, and in this case we 
may write the equation with sufficient accuracy 

I -(I)' (1 + 3 «»•«)'.. 

Laplace gives a formula for the radius of the sphere of activity 
which is virtually derivable from the above investigation on the 
special hypothesis that the three bodies lie in a straight line. 
Thus he puts d equal to zero or 180° and finds, 

But to find the true mean value of (1 + 3 cos* 0)^, we must 
estimate it all over the sphere. 

Now 

^ ||(1 + 3 cos* 0)^ sin 0d0dif> = J \l + BaT)^^ dx. 

This integral evaluated by quadratures, is found to be equal 
to 1-063. ^ I » M 
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Thus the true mean gives 

Liaplace makes it 

f -..(!)•=„« (I)' 

The ratio of the least to the greatest value of p in the formula 
suggested in this note is 1*149, and Laplace takes the minimum 
value of p as the radius of his sphere. 

In the case of Jupiter, Laplace's formula gives p = *054 R, and 
my formula gives p = '058 R. 

It follows that Laplace's conclusion is sufficiently accurate for 
the purpose for which it is intended. 

(3) The change of zero of Thermometers, By C. T. Heycock, 
M.A.y King's College. 

The author described the result of experiments he had made 
in conjunction with Mr Neville to overcome the change in zero 
which thermometers undergo when heated for a Ions; time. The 
method consisted in boiling the thermometer for eighteen days 
in baths of either mercury or sulphur, at the end of this time 
the zeros were found to be practically fixed unless they were 
exposed to higher temperatures than those of the substance in 
which they were boiled. The paper was illustrated by a curve 
showing that the change in zero was very rapid for the first 
few hours, amounting in a special case to 11° C. for 20 hours 
heating, but that afterwards the change became almost nil as 
the heating was continued. 

(4) The Elasticity of Cubic Crystals. By A. E. H. Love, 
M.A., St John's College. 

(5) Changes in the dimensions of Elastic Solids due to given 
systems offerees. By C. Chree, M.A., Fellow of King's College. 

\Abstrax:t.'\ 

This paper deduces from a general theorem due to Professor 
Betti expressions for the mean values of the strains and stresses 
in any homogeneous elastic solid acted on by any given system of 
bodily and surface forces. Formulae for the mean strains in 
isotropic solids acted on only by surface forces were given by 
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Professor Betti, but he does not seem to have considered tbe 
general case, nor to have made applications such as those treated 
here. From the formulae for the mean strains the change can be 
found in the mean length, taken over the cross section, of anj 
right cylinder or prism subjected to any given system of forces. 
Similarly the change in the whole volume of any elastic solid of 
any shape can always be expressed as the sum of a volume and a 
surface integral involving only the applied forces and the elastic 
constants of the material. 

Thus in an isotropic solid acted on by bodily forces whose 
components are X, T, Z per unit volume, and by surface forces 
whose components are F, 0, H per unit surface, the change hv in 
the volume is given by 

SArSv = ///(Xa? + Yy + Zz) dxdydz + //(-Rr + (?y + Hz) dS, 

where k denotes the bulk modulus, or m^^n in Thomson and 
Tait's notation. It is obvious from the equations of statical equi- 
librium that the position of the origin in the above expressions is 
immaterial. In any homogeneous aeolotropic solid the change in 
volume may be similarly determined, but the expressions under 
the integral signs are a little longer. 

The several formulae both for isotropic and aeolotropic solids 
are applied to a variety of special cases, a few of which will serve 
for illustration. The material to which the following results apply 
is, unless otherwise stated, assumed isotropic. 

When a solid of any shape is suspended from a point, or a 
series of points in one horizontal plane, its volume v is greater 
than if "gravity" did not act, and the increment hv due to 
" gravity ", represented by gr, is given by 

Sv/v = gph/Sk, 

where p is the density and h the distance of the centre of gravity 
below the point, or points, of suspension. On the other hand, if a 
body be supported on a smooth plane, or at a series of points in a 
horizontal plane, its volume is diminished owing to the action of 
gravity, the diminution (— Bv) being given by 

-Bvjv^ffph'l^k, 

where h^ is the height of the centre of gravity above the plane of 
support 

When a right cylinder or prism is suspended with its axis 
vertical its length I is increased, and the mean increment Bl taken 
over its cross section is given by 

Ujl^gpll^E, 
where E is Young's modulus. When the cylinder rests on a 
smooth horizontal plane with its axis vertical) it shortens under 
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gravity by an amount equal to the above. When the cylinder is 
suspended with its axis horizontal, in such a way that bending 
does not occur, it shortens, while when supported on a smooth 
horizontal plane in that position it lengthens. The alterations in 
the mean length in the two cases are given by 

U\l = + wpA/^, 

where 17 is Poisson's ratio, while h is the distance of the centre of 
gravity from the horizontal plane through the points of suspension 
in the first case and through the points of support in the second. 

When a solid of any shape rotates with uniform angular 
velocity q> about a principal axis of inertia through its centre of 
gravity the volume v is increased, the increment being given by 

h) = ci>V/3ik, 

where / is the moment of inertia of the body about the axis of 
rotation. 

When a right cylinder or prism rotates about its axis it 
shortens, and the mean shortening (— hi) taken over the cross 
section is given by 

- U\l = fi<o*p^lE, 

where k is the radius of gyration of the cross section about the 
axis. 

^hen a rectangular parallelepiped 2a x 26 x 2c rotates about 
the axis 2c, the mean increment 28a in the distance between the 
faces perpendicular to 2a is given by 

iaia = ©V (a» - 7iV)lZE. 

Thus the tendency to increase in length in material lines 
perpendicular to the axis of rotation becomes reversed when the 
dimension perpendicular to this and to the axis of rotation is 
sufficiently great. 

A homogeneous sphere, whether isotropic or aeolotropic, owing 
to the mutual gravitation of its parts suffers a diminution in 
volume given by 

— Zvjv = ffpR/5k, 

where R is the radius and g "gravity" at the surface. This 
suffices to prove that the application of the mathematical theory 
of elasticity to the earth, treated as a homogeneous solid, violates 
the fundamental condition that the strains must be small, unless 
the material be assumed to offer a much greater resistance to 
compression than any known material under normal conditions at 
the earth's surface. 

The change in volume due to the mutual gravitation in its 
parts in any very nearly spherical body, when isotropic, is shown 
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to be the sam^ as in a sphere of the same material of equal 
volume, and it is thence concluded that the spherical is a form in 
which the reduction of volume due to gravitation is in genenl 
either a maximum or a minimum. The reduction of volume is 
calculated for a gravitating ellipsoid, and it appears that the 
sphere is the form in which, when the volume is given, the re- 
duction is a maximum. In a nearly spherical euipsoid whose 
principal sections through the longest axis are of eccentricities €^ 
and €, the reduction in volume is given by 

- Sv/v = (gpRlbk) [I - (6/ - €.«e.« + e/)/45}. 

where R is the radius, and g the value of gravity at the surface, 
in a sphere of equal volume and density. 

In a given volume of an aeolotropic material a very slight 
assumption of an ellipsoidal form, insufficient to produce au 
appreciable effect if tne material were isotropic, increases or 
diminishes the diminution in volume due to mutual gravitation 
according as it consists in a lengthening or a shortening of those 
material lines which are parallel to directions in which the 
linear contraction under uniform normal pressure is above the 
average. 

(6) On the law of distribiUion of velocities in a system of 
moving m^lecides. By A. H. Leaht, M.A., Pembroke CoUege. 

1. The following proof appears briefly to establish the &ct 
that Maxwell's law of distribution of velocities gives the only steady 
distribution. The proof is a little shorter than the ordinary proof 
as given bv Boltzmann, even if Mr Burbiiry's variation of it as 
published m the Philosophical Magazine for October 1890 be 
adopted. 

Let a particle whose velocity is OP in magnitude and direction 
strike a particle whose velocity is op. Suppose the particles to 
belong to different systems, and let the number of particles of 
the i^t kind which have velocity components lying between f 
and f + df, 17 and 77 + ^17, f and f +d?, where f, 17, fare the com- 
ponents of OP, be F(OP)d^dfid^. Let f(op)d^dv'd^ have a 
similar meaning when applied to the partides of the second 
system. Then the number of impacts which particles with ve- 
locity OP have with particles of the second system which have 
velocity op will, in the interval dt, be per unit volume 

F{OP)d^drfd^. irs'udt.f(op)d^'dv'd^' (1). 

since each particle in the unit volume strikes, on the average, 
irs\idtf{op)d^'dri'd^ in the interval dt\ the particles being* re- 
garded as hard spheres, the sum of the radii of two spheres, one 
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of each system, being e, and u the velocity of a particle of the 
first system relative to the velocity of a particle of the second 
system. 

Suppose now that after encounter the velocities of the particles 
become OP^, op^ respectively, so that the components of OP^ lie 
between f, and f^ + df,, 17^ and Vi + dtj^, j; and Si + dfp and f/, 
Vi> Ki ^^^6 similar meanings as the components of on^. Since 
the velocity of the centre of gravity is unchanged by tne impact, 
the condition that the required change shall take place is that the 
direction of u shall lie within a cone of solid angle dS making an 
angle with the line of centres at impact A collision such that 
velocities OP, op before collision may become velocities OP., op. 
after collision may be called a " collision of a given kind,' ana 
since, as Mr Burbury has pointed out, all directions of the relative 
velocity after encounter are equallv probable if the molecules 
behave as hai'd elastic spheres, the whole number of encounters of 
the given kind in the interval db will be 

F{OP)f{op) d^dvd^. d^'dv'd^ . infudt . -^ (2) 

per unit of volume. 

Conceive now that the velocity of every molecule of the system 
is suddenly reversed in sign, the molecules of the solid boundary 
of the system, if such exist, being similarly reversed as to the 
direction of their velocities, the position of every molecule being 
unaltered. The physical properties of such a medium will of 
course differ in many respects from those of tbe original medium, 
but it will at any rate have this property, that all particles whose 
velocities in the original medium changed from OP to OP^ in the 
time dt will in the second (or as we may call it the "reversed") 
medium change in a second interval dt from —OP^ to —OP. 
Now, since the dL<ttribution of particles is perfectly regular in 
space, the distribution of velocities in the original medium 
" behind " any class of molecules is the same as the distribution 
" in front " of the same class. Hence the number which in the 
reversed medium change their velocity — OP. for — OP by striking 
particles with velocity op^ is in the interval at 

F(- OP,) A- op,) di,dv,d^, . d^^dri^d^: . Wu'd* . ^. . .(3). 

where u' is the velocity of OP^ measured relatively to op^ and dS' 
is the angle of the cone, whose axis makes an angle ti with the 
line of centres, within which the direction of the relative velocity 
u' must lie in order that the collision may be one of the given 
kind. Since the number which change from velocities OP to 
velocities OP^ in the original medium by collisions of the given 
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kind is equal to the number which change from OP^ to — OP ii 
the reversed medium by collisions of the same kind, expressicof 
(2) and (3) are equal. Also u in (3) is the same as u in (2) anoe 
the velocity of the centre of mass is unchanged and the sphere 
are elastic, and by ordinary geometry dS" is equal to dS and 
d^d-qdl^.d^'d-qd^ is equal to d^jdrf^d^i.d^^'drf^d^^'. Hence, since 
F(^OP^) in the reversed medium is equal to F{OP^ in the 
original one, 

F{OP,)f{op,)^F{OP)f{op). 

and therefore since the kinetic energy is unchanged hy the Impact 
we have, by the ordinary methods, Maxwell's law of distributioo 
namely 

F{OP)^Ae' -\ 

In order to examine the validity of the above proof the 
assumptions underlying equations (1) and (2) should be further 
considered. In equation (1) the assumption is that, if a number 
of particles are distributed uniformly throughout a medinm, 
and if the velocities are so distributed that the number p^ 
unit volume which have velocity op is f{op) d^'drj'd^, then the 
number in the volume F(0P)d^drjd^.'n-8'udt, which may be 
written do^, is/(op) d^'drj'd^' . do^. This assumption is equivalent 
to two others, first, that the particles are distributed throughout 
the medium with perfect uniformity so that we can safely take 
the number of molecules of a given kind in an element of volume 
to be proportional to the volume of the element if the element is 
large enough to contain a great many molecules; secondly, that 
the particular volume do^ is large enough for the first assumption 
to be applied to it In order to prove result (2) we must suppose 
that the number of molecules within the volume 

F(OP) d^dvd^. irs^udt . ^cos 6, 

which may be written do,, is proportional to do^. Thus, since the 
volume doj^ is greater than do^, the whole assumption that we 
make is that do^, and consequently (20j, is large enough to contain 
a very large number of the molecules which are distributed so that 
the number which have a velocity op is given by the function 

To estimate the number of these molecules, suppose F(OP) 
to be equal to -~|— e «* , which is Maxwell's law of distribution. 

Then, taking hydrogen as an example, since* Nir^ is 7*0 x 10" 

* These nambers are oalonlated in aooordanoe with Professor Tail's resqlts, 
Edin, Trans, zxzin. p. 91. 
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proximately, the volume is 

7-0 X 10» -2^ d^dffd^ - dS . 
i — « ** . . . udt . 7— cos tf 

bic millimetres. Now a cubic millimetre of hydrogen at atmo« 
heric pressure contains about 9*76 x 10** molecules. Hence the 
imber of molecules in do, is 

«Q lAX) -^ d^dvd^ ,, dS ^ 
68 X lOr.e •• . -^-J—^. udt. -r— cos 0. 

appose u to be equal to k times a which is in hydrogen equal to 
62 X 10^ millimetres per second; we get the whole number of 
iolecules in do^ to be 

5-2 .e •* . ! . 10** Ad^ -r- . cos 0, 

of 4ir ' 

t being measured in seconds; and this number must be large 
1 order that equation (2) may accurately give the number of coi- 
tions of the given kind. 

The smallest value which we can ascribe to dt will depend 
ipon the magnitude of the limits d^, drj, d^, dS which define the 
ncounter. Suppose that d^ = c^i; = d!^ = a/1000 ; suppose also that 
tiS/47r = 10"*. Let us also suppose OP not to be greater than 
Sa, a supposition which excludes less than 0*5 per cent, of the 
vhole number of molecules. Suppose also that k is greater than 
10"*, so that the relative velocity u is not less than a/lOO. These 
nippositions give the whole number of molecules in do^ to be 
^eater than 9'6 dt . 10'^ so that this number is more than a 
million if dt is not less than 10'^ of a second. This estimate of 
:he limiting value of dt is perhaps too small as we have taken 
^he limits of d^dtfd^ exceedingly small, but it will appear that 
it must not be taken indefinitely small and should at any rate 
be greater than the mean time between collisions, which is of the 
order 10"* of a second. With the above proviso as to the value 
Df dt, it appears that result (2) can be taken to be accurate, and 
since result (3) is merely an application of result (2) to the re- 
versed medium it appears that the assumptions made can be 
relied on. 

2. It has throughout been assumed that the distribution of 
velocities is "steady", and the proof shows that Maxwell's law 
gives the only possible steady distribution. It is however desirable 
to show if possible that the system must ultimately acquire a 
steady distribution. Now the steadiness of the distribution has 
been assumed twice, first when the assertion is made that the 
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number of molecules with velocity op struck by molecules moviag 
amone them with relative velocity u is proportional to udi.ii/, 
secondly, when the distribution in the "reversed" medium was 
taken to be the same as that in the original one. If the distri- 
bution is not steady, expression (2) must be amended by inserting 
a factor (1 + vdt), and expression (2) must contain a fiu^tor 
(l + v'fltt); where v, v depend upon the variations of f and /. 
The result obtained as before will be that 

F{OP,)/(op,)-F(OP)/(op) 

will not be zero but equal to wdt where w depends upon v, 9\ F, 
and /. Integrating equation (2) and using the proposition that 
all directions of encounter are equally probable, we get the usual 
result 



dt 



F(OP) = F{OP) d^dtjd^jjjd^'dv'd^infu 

^ ^jj{F(OP,)/(op,) - F{OP) f{op)) dsj , 

where df, di;', d^' are elementary increments of the components 
of op, and the double integral is taken for all possible impacts 
between particles whose velocities before collision were OP, op\ 
OP^, op^ being the velocities which the particles acquire if their 
relative velocity falls within the cone of solid angle dS. 

Since the subject of integration in the double integral is equal 

to wdt, -jiFiflP) must contain (2^ as a factor and will be vciy 

small when dt is very small. But, since there is a limit to the 

minimum value of dt, this does not prove -ir F(OP) to be zero; 

that is we cannot in this way prove the ultimate distribution to 
be steady, although its variation from the steady state must be 
small when the distribution of the particles is regular throughout 
the space considered. 

Boltzmann's proof would show that the function ff which he 
has introduced will continually diminish until the steady state is 
obtained, but I think that it assumes equations (1) and (2) to be 
absolutely true, which they appear to be if the motion is from 
the first assumed to be steady. The proof that the motion of the 
particles finally must attain a steady state is apparently still 
wanting, although the above argument shows that the divergence 
from the steady state must ultimately be small It is not im- 
possible that F(OP) may ultimately be periodic with a period of 
magnitude of the same order of magnitude as the time of free 
path. But the assumption that the motion of the particles is 
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Itimately absolutely steady is after all not greater than the 
isumption that it is ultimately perfectly regular, and if the 
igularity of the distribution both in space and time is assumed 
[axwelFs law of distribution appears, from the above, readily to 
►How. 



Monday, May 2, 1892. 
Prof. G. H. Darwin, President, in the Chair. 

The following were elected Fellows of the Society : 

Thomas Cliflford Allbutt, M.D., F.RS., Fellow of Caius College, 

Regius Professor of Physic. 

David Sharp, M.A. (M.B. Edin.), F.RS., Curator in Zoology. 

J. C. Willis, B.A., Gonville and Caius College. 

The following was elected an Associate : 

A. Antunis Eanthack (M.B. Lond.), St John's College, John 
Lucas Walker Student in Pathology. 

The following communications were made to the Society : 

(I) The application of the Spherom^eter to Surfaces which are 
not Spherical. By J. Larmof, M.A., St John's College. 

The ordinary form of spherometer, which is used for measuring 
the curvatures of lenses, rests on the sur&ce to be measured by 
three legs which are at the comers of an equilateral triangle ; and 
the mode of using it consists in finding the length of the ordinate 
drawn up to the surface from the centre of the triangle formed by 
the points of support, by means of a micrometer screw moving 
along the axis of the instrument 

In the actual use of the instrument the surface to be measured 
is assumed to be spherical ; and the question has apparently not 
occurred to examine the character of the results which may be 
derived from its application to a surface of double curvature. 

On actual trial with such a surface, for example the cylindrical 
surface of an iron pipe, it appears at once that when the centre is 
set at a given point the instrument may be rotated anyhow on its 
axis without affecting its reading. It therefore measures some 
definite quality of the double curvature of the surface at the 
point There is a temptation to hastily assume that the plane of 
support is parallel to the tangent plane at the centre of the instru- 
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ment, that it is in fact the indicatrix plane of that point, and U 
deduce that the reading gives the mean of the principal cizra- 
tures of the surface; this result is correct, but the assumptioii j«i 
mentioned is erroneoua 

To obtain a rigorous investigation, let us assume that tiie 
points of support form an isosceles triangle, let the base sabtesd 
an angle 2a at the centre of the circumscribing circle, and let c be 
the rsidius of this circle and h the ordinate drawn from its centre 
up to the surface. If this ordinate is taken as axis of z, the equa- 
tion of the surface will be 

where (jp, g, — 1) is the direction of the tangent plane at the origin, 
and R^^ R^ are the radii of principal curvature. As the three k^ 
rest on the surface, we have 

A = cp cos (5+ a) + cq sm {6+ a) + Jc* j )^^ + R V 

A = cp cos ( d - a) + eg si n (d - a) + JcN ^ ^ + ^ ^\ , 

, y, . y, ... (cos* 6 . sin' 0) 

h^ — cpcoaff -cjsin^ 4- Jc' j— ^— + — it— }■ , 

where tt + tf is the azimuth of the vertex of the triangle of sup- 
port. We are to eliminate p, q, and so connect h with if , ^ iJ^ and 
0, By addition of the first pair of relations 

2A = 2cp cos ^ cos a -h 2cq sin 5 cos a + ic' ] ( p- + p- ) 
therefore by use of the third 



2A(l+cosa) = Jc' J(^4'-^)(l + cosa) 



+ 



f-^ — ^j cos 25 (cos 2a + cos an , 



or on rejecting the factor 1 + cos a. 

The value of h therefore depends on the azimuth except in 
one case, when a is ^tt so that the triangle of support is equi- 
lateral, which is the case referred to above. The quantity involved 
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.11 
7 the formula is then ir + » > ^iid ^Y referring back to the 

. i^nal case of a spherical surface we see that the instrument 
easures the arithmetic mean of the principal curvatures. 

Thus for example the equilateral form of the instrument may 
: 3 conveniently used to measure the curvature of a cylindrical 
-ins or a cylindrical pipe, but for that purpose its indication must 
e doubled. 

The equilateral form will be of no use for testing deviation 
n>xa sphericity at a given point of a surface. The isosceles form 
aay however be so used, the difference of the extreme curvature- 
adications given by it for any point being by the above formula 



(^-^)<^ 



cos a — 1), 



;bat is directly proportional to the difference of the principal 
curvatures. The curvature may thus be completely explored*. 

In all these formulae the usual assumption is made that the 
span of the instrument is small compared with the radii of curva- 
ture of the surface. 

If the instrument had four legs at the comers of a rectangle, 
there would be only two positions in azimuth, coiTesponding to the 
sections of greatest and least curvature, in which it would rest 
firmly at a given point on a surface, with all its legs in contact ; 
and the plane of contact would in this case be parallel to the 
tangent plane at the summit of the surface. The readings for 
these positions would give 



cos* a . sin* a 



- + 



J sin' a cos* a 

and __ + _^, 

where a is an angle made by a diagonal of the rectangle with a 
side ; so that the values of both principal curvatures might thus 
be determined^ 

* Mr H. F. Newall informs me that an isosoelea spherometer is used by 
Dr Common for eiploring the curvatures of his large specula. 
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May 16, 1892. 
Professor 0. H. Darwin, President, in the Chair. 

The following were elected Fellows of the Society : 

W. Robertson Smith, M. A., Fellow of Christ's College, Professor 
of Arabic. 

J. K. Murphy, RA., Caius College. 

The following communications were made to the Society : 

(1) Recent advances in Astronomy with Photographic Illustn' 
tions. By H. F. Newall, M.A., Trinity College. 

A series of photographs was exhibited by the lantern aikI 
described, to illustrate recent progress in astronomical photo^praphy. 
The series included some interesting specimens taken with tbe 
Newall telescope, in which the object glass is not specially cor- 
rected for photographic purposes. 

(2) On the pressure ai which the electric strength of a gas it a 
minimum. By J. J. Thomson, M.A., Cavendish Professor. 

The author showed that when no electrodes are present^ the 
discharge passes through air at a pressure somewhat lesB tbtn 
that due to 1/250 mm. of mercury ; the discharge passes witk 
greater ease than it does at either a higher or a lower pressare. 
Mr Peace has lately shown that when electrodes are used, tbe 
critical pressure may be as high as that due to 250 mm. of mercuiy: 
so that as the spark length is altered the critical pressure msj 
range from 250 mm. to 1/250 of a mm. It was pointed out tist 
this involved the possession by a gas conveying the discbam of ft 
structure much coarser than any recognized by the Kinetic Theorf 
of Gases. The author suggested a theory of such a structure ai^ 
showed that the theory would account for the influence of spark 
length and pressure on the potential difference required to prodooe 
discnarge. 

(3) On a compound magnetometer for testing the magnetic pro- 
perties of iron and steel By Q. F. C. Searle, M.A., Peterbouse. 

When a bar of iron or steel is subjected to the action (^* 
longitudinal magnetic force, H, it is found that the intensity o( 
magnetisation of the iron thereby produced depends not onW 
upon the value of H at the instant, but also upon the series of 
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values which H has previously assumed. Thus if the magnetising 
force is made to undergo a series of changes in a cyclical manner, 
the curve representing the relation of / to -H" will be of the form 
of a loop, which however degenerates into a straight line when 
the maximum value of H does not exceed 04 c.G.s, units*. This 
dependence of the intensity of magnetisation, due to a given 
magnetic force, upon the previous magnetic history of the iron 
has been called by Ewing hysteresis. The curve ABGDEFA (fig. 1) 




Hysteresis Curve for Annealed Steel Wire. 

taken from Prof. Ewing s book on "Magnetic Induction in Iron 
and Other Metals " will serve to give a general idea of the relation 
between / and H for a piece of annealed pianoforte steel wire 
when the magnetic force is made to pass repeatedly through a 
conaplete cycle of changes. The maximum values of H and / in 
this curve are about 100 and 1100 CO. s. units respectively. The 
curve OB gives the relation between / and H for a piece of steel 
which has never previously been magnetised or which has been 
completely demagnetised by continued reversals of a magnetic 
force whose amplitude has been slowly diminished to zero. 

These hysteresis curves are of great interest from the practical 
as well as from the philosophical point of view, since, as has been 
shown by Warburg and by Ewing-f, the area of the curve, when 
estimated on the proper scale, represents the energy expended 
per cubic centimetre of the iron in carrying H through its cycle 
of changes. 

In determining the form of the hysteresis curve, a specimen 
of the material in the fonn of a wire is placed inside a long 
uniformly wound solenoid through which a current can be sent. 
The current gives rise, inside the solenoid, to a uniform longi- 
tudinal magnetic force whose value can be calculated from the 



equation 



H = 47r?2t', 



* Lord Rayleigh, Phil. Mag. March, 1887. 

t J. A. Ewing, *' Magnetic Induction in Iron and Other Metals," § 79. 
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where % is the strength of the current, and n the number of tarns 
of wire upon the solenoid per centimetre of its length. The 
solenoid is placed near a suitable mirror magnetometer; and a 
small coil, which is joined up in series with the magnetising sole- 
noid, is so adjusted that it exactly neutralises the action of the 
solenoid itself upon the magnetometer. Thus when the specimen 
of iron is placed inside the solenoid the deflection produced is 
due entirely to the magnetisation of the specimen. From the 
observed deflection the value of the intensity of magnetisation, /, 
can be determined. The magnetising current also passes round a 
suitable galvanometer by means of which its strength, t, can be 
measured. The strength of the current is gradually Taried bj 
means of a resistance box in the circuit, and the simultaneons 
readings of the galvanometer and magnetometer are noted. The 
values of J? and / deduced from these readings are used as abscissa 
and ordinate in the construction of the hysteresis curve. This 
process naturally involves a good deal of labour. 

I have endeavoured to construct an instrument which should 
perform simultaneously the functions of both galvanometer and 
magnetometer and should cause a spot of light to trace out a 
hysteresis curve upon a screen. One method of attaining this 
end is to provide a mirror with two independent motions about 
two axes mutually at right angles, the motions about these two 
axes being governed by two small magnets. One of these magnets 
must be acted on by a magnetic force proportional to the 
magnetising current, and the other by a magnetic force propor- 
tional to the intensity of magnetisation of the specimen. 



Ji 



Fig- 2. 
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This idea was put into practice in the following manner. AB 
(fig. 2) is a thin aluminium wire about 80 centimetres long. This 
is suspended by one end -4 by a silk fibre from the support A' 
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Near its top the wire carries a small magnet G whose axis is at 
ri^ht angles to the wii'e. The lower end B of the wire carries a 
small fork DBE, also of aluminium wire, across which the silk 
fibre DE is stretched. Attached to this fibre by means of wax is 
a small plane mirror F, such as is used in reflecting galvanometers, 
carrying a small magnet whose axis is at right angles to the fibre 
DE. Attached to the bottom edge of the mirror is a disk of 
thin mica about 1 inch in diameter. When the plane of the 
mirror is vertical, the plane of the disk is horizontal. Close 
beneath the mica disk is placed a piece of cardboard in a horizontal 
position. The mica disk, owing to the close proximity of the 
cardboard, very rapidly reduces the mirror to rest The mirror is 
fixed to the fibre so that the centre of gravity of the mirror and 
mica disk is slightly below the line DE. Thus the controlling 
force acting on the lower system consists partly of gravity and 
partly of the magnetic force due to the earth and to any control 
magnets which may be required to bring the mirror mto any 
desired position. The mirror now possesses two independent mo- 
tions, the one about the axis AK and the other about the axis DE. 
The apparatus is set up as in fig. 3*, in which the suspended 
part has been turned through a right angle so that the mirror is 
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Fig.Z, 
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|5 




now seen edgeways. The plane of the paper is supposed to be a 
plane through the wire AB Q,t right angles to the magnetic 
meridian. The magnet G is therefore at right angles to the plane 
of the paper. The mirror F is shown slightly tilted. The coil L 

* This figure is purely diagramAiical and does not represent the relative pro- 
portions of the separate parts of the apparatus. 

26—2 
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is placed near the magnet C and deflects it through an angle 
proportional to the streno[th of the current in Z, the deflections 
being kept very small. The solenoid M is placed in a vertical 
position east or west of the mirror, its upper end being about in 
a horizontal line with the mirror. The small coil N can be 
adjusted so that the effect on the magnet F of the solenoid itself 
is completely neutralised. 12 is a resistance box for varying the 
current, P a battery, and Q a commutator. A lens S of about 40 
inches focal length forms the window of the case in which the 
suspended part is hung. A lamp and screen are placed at about 
40 inches from the lens. Cross wires are placed in front of the 
lamp and a sharp image of these is thrown upon the screen by 
the action of the lens and mirror. The spot of light may be 
made to take up any desired position on the screen by properly 
adjusting small permanent magnets in the neighbourhood of the 
two magnets G and F, I had expected that a good deal of trouble 
would have been caused by change of zero in the vertical direction 
owing to changes in the silk fibre on which the mirror is strung, 
but I was agreeably surprised to find that the spot of light would, 
if the mirror were disturbed, return to the same horizontal posi- 
tion to within -^ inch. The zero position seemed to be quite 
permanent. 

In order that the two motions of the spot of light should take 
place in horizontal and vertical lines, the axis DE must be ad- 
justed so as to be accurately perpendicular to the axis of suspension, 
AK, The necessary fine adjustment is easily made by slightly 
bending the suspending wire near the point B. I found that a 
small block of cork formed the best means of connecting the wire 
AB with the fork DBE. To get rid of any secondary effect of 
the coil L upon the lower magnet a second small "compensating" 
coil may be included in the circuit In order to bring the spot of 
light quickly to rest a suitable mica vane was attached to the 
vertical wire AB, This rapidly stops the motions in azimuth. 

When I exhibited the instrument to the Society, the magnet 
C was slightly affected by the induced magnetization of the speci- 
men of iron in the solenoid. This effect can not be compensated 
by another coil, since a coil tlirough which the magnetising current 
flows will not imitate the magnetic behaviour of the iron. To 
remedy this defect I have fitted a second magnet of moment 
nearly equal to that of C to the vertical wire a short distance 
below G, its axis pointing in the opposite direction to that of (7. 
The effect of the magnetised specimen on the astatic system is 
very small and I hope that all trouble from this source has now 
been got rid of. 

The indications of the instrument can easily be reduced to 
absolute measure (at least approximately) in the following wav. 
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Suppose, for instance, that it is desired that a movement of the 
spot of light through 10 centimetres horizontally should corre- 
spond to a magnetic force inside the solenoid equal to 100 C.G.S. 
units. A known current is sent round the coil X, and this coil is then 
so adjusted that the spot of light is deflected through the proper 
distance corresponding to the calculated value of H, To standardise 
the vertical motion of the spot, a magnetised steel wire may be 
placed inside the solenoid M, through which no current is passing, 
and the solenoid is then adjusted until the spot of light shows a 
deflection in the vertical direction of 10 centimetres for each 1000 
C.O.S. units of intensity of magnetisation of the steel wire. The 
intensity of magnetisation of the steel wire can be determined by 
the use of an ordinary magnetometer. If the cross section of the 
wire to be tested is different from that of the steel wire an 
appropriate factor must be introduced. 

Although for very accurate observations in the subject of 
hysteresis the use of two separate instruments, galvanometer and 
magnetometer, will probably still be necessary, yet I think that 
the instrument I have described may be found useful as a means 
of rapidly gaining an approximate knowledge of the form of the 
hysteresis curves for various samples of iron and steel without 
any calculation. For this purpose it may be a useful instrument 
in the Lecture Room. 



May 30, 1892. 

Professou G. H. Darwin, President, in the Chair. 

The following communications were made : 

(1) The hypothesis of a liquid condition of the Earth's interior 
considered in connexion with Professor Darwin^s theory of the 
genesis of the Moon, By Rev. O. Fisher, M.A, F.G.S., Hon. 
Fellow of Jesus College. 

In a series of papers in the Philosophical Transactions, Parts I. 
and II. 1879, Professor Darwin has developed the theory of tidal 
action in the solar system. 

At p. 23 of his paper on Bodily Tides of Spheroids he 
gives " a dynamical investigation of the effects of a tidal yielding 
of the earth on a tide of short period according to the canal 
theory." A numerical estimate will afford a clearer idea of the 
effects produced. 
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The symbols used are 

h = the depth of the canal. 

a = the earth's radius. 

(o s= the rotational speed referred to the moon (23 h. 56 m. 
= lunar day at present). 

^ . C0^ = the longitude west of the moon« 

€ = half the lag of the bodily tide. 

2E = the greatest range of the bodily tide at the equator*. 

3 

T = o X the moon s mass x a* -r- (her distance)*. 

The result obtained for the height of the wave relatively to 
the bottom of the canal is 



where 
dx 



*-»i- 



+ g sin e sin 2(^ — »*)[ t- 

Taking up the investigation from this point since the land 
partakes in the rise and fall of the bottom of the canal, the 
measurable height of the tide will be the diflference between the 
depth of the canal and the height of the water above the bottom 

of it, which will be — A -~ , or 

^^5^j^— ^|(^COS€--^ 

For -g -^ T write i/, for 2 (<f> - a>t) write 6. 

Then the height of the tide will be expressed by 
-//|cos(^-6)-|^cose] 

= — // jcos^fcose — ij^-j + sin^sin€[. 

* Elsewhere Frof. Darwin uses E as the ratio of the bodily tide in the case of 
viscosity to the like in the case of fluidity, 
t Loc. cit. p. 26. 
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We must now estimate the numerical value of 7; — . 

5 T 

From the definition of t already given we have 

4 gE __ 4 2 (distance)' 1 earth's mass „ 
or 5 3 moon 8 mass a* a* ' 

8 earth /d\* E 



15 moon 



fdVE 
\a) a' 



^ ^ (60-2634)'- ^ 



15 001228 ^ ' 20902404 ' 

= 0-45474 J:; 

a foot being the unit 

If the interior is considered liquid, the bodily tide may be 
taken equal to the equiJibrium tide, which would be about If feet 
from highest to lowest"f", and E would be half that, so that 

1 2^ = 0-39789. 

5 T 

The lag of such a tide would be small. Darwin seems to con- 
sider 14' as an admissible value for 2e in that case, and cos € would 

4 qE 
be 0*9999668. Hence cos e would be greater than ^ ^— , and we 

may assume 

sin € 



fgE 

cos 6 — ^ •^— 
6 T 



= tan D, 



and by substitution and reduction we obtain for the height of the 
measurable tide 

-^|l-2cosex|^ + (|^'l*co8{2(^-«0-i)}. 

or, cos e being very nearly unity, 

- ir |l -|'^| cos [2{if> - wt)-Dl 

= - if X 0-6021 1 cos {2 (<^ - a)t) - D], 

Hence the tide would be |ths of what it would be on a rigid 
earth. 

It is evident that tan D is small. Hence low water will occur 
a little west of the moon. 

• *'The Moon*' by Proctor, Tab. iv. p. 313. 
t Thomson and Tait, § 804, 2nd £d. 
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In forming the potential of the protuberance of the bodily tide 
the earth has been taken as homogeneous. But the superficial 
parts having only half the mean density, it seems that the value 

of 7 — ought to be taken at one half that assumed, and then 
o T ° 

^^- = 019894, 

5 T 

and we find for the tide 

- jET X 80106 cos {2 (^ - ©O - D] ; 

which shows that it will be diminished by only ^th of what its 
height would be if the earth was rigid. 

We learn from this expression that high ocean tide will occur 

IT D 

when 2 (^ — 6)<) — jD = 7r, that is when ^ — ci>^=o+'9 ^ *^® 
west of the moon ; and high earth tide will occur when ^ — »* = — ^ , 
or ^ to the east of the moon. Hence the crests of the ocean and 

earth tides are separated by the obtuse angle -^ H — ^ — , so that 

the tidal protuberances of both of them, which are nearest to the 
moon, are to the east of it ; and the effects of the couples caused 
by the moon's attraction upon both of them will be to retard the 
earth's rotation. 

Prof. Darwin remarks, that the expression for the height of the 
ocean tide as affected by the bodily tide is subject to a modifica- 
tion of the same form on the equilibrium theory as on the canal 
theory, with the exception of a change of sign. Hence on that 
theory also, which neglects the inertia of the water, and therefore 
less nearly represents the case of nature, the ocean tide would be 
diminished by the same factor, and therefore only to the small 
extent of about one-fifth, as has been now shown would be the 
case on the canal theory. 

The lag of the bodily tide has here been put at 14', because 
Darwin has shown* that, on the hypothesis of approximate 
liquidity, the reaction of the moon on the bodily protuberance 
with that amount of lag would account for the unexplained 
acceleration of the moon's mean motion at the present time of 
4 seconds in a century. It is evident that if the lag of the bodily 
tide is larger, cos 26 will be smaller, and the reduction of the tide 
in the canal will be still less. 

* ** Precession of a visoouB spheroid,'* § 14. 
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The above appears to be a sufficient answer to the objection 
brought against the theory of internal liquidity that in such a 
case there could be no measurable ocean tides. 

Prof. Darwin appears when he wrote to have held the view 
that the earth must be very rigid probably in consequence of his 
investigation by which he had proved that on a solid globe 
nothing short of a high degree of rigidity could sustain the 
weight of continents and mountains. This necessity is of course 
entirely removed by Airy's hypothesis that the crust is supported 
in a state of approximate hydrostatic equilibrium on a yielding 
nucleus*. 

Assuming therefore the necessity of a high degree of rigidity, 
Darwin finds a certain coefficient of viscosity, which according to 
his calculations would cause the obliquity of the ecliptic to 
increase most rapidly at the present time (p. 526), and uses this 
particular value in his numerical calculations. Thus, when he 
estimates the length of time, since the moon may have been 
detached from the earth, at about 57 million years"f", the estimate 
depends upon that particular value of the viscosity. So also do 
his estimates of the amounts of heat generated bv tidal friction 
within the earth during certain intervds of time aating from the 
same epoch. And in short all the numerical results in Table iv. 
at p. 494, depend upon the particular assumed high degree of 
viscosity. It cannot therefore be too carefully borne in mind by 
Geologists that none of those numerical estimates, which relate 
to time, are applicable to the case of a liquid interior. 

With respect to the obliquity of the ecliptic, it seems probable 
that it may have originated when the moon broke away from the 
earth, however much the amount of it may have since changed ; 
for the rupture must have occurred at what was then the equator ; 
but the alteration in the principal axes of the earth owing to its 
removal must have caused the axis of rotation to shift its place 
within the mass, so that the plane of the moon's orbit would 
represent that of the original equator, while the plane of the new 
equator would have become oblique to it. 

Although, as just mentioned, the amounts of heat generated 
in the earth during certain intervals of time depend upon a 
particular assumed value for the viscosity, not so the whole 
amount since the rupture. Darwin says "According to the 
present hypothesis [of the generation of the moon] looking for- 
ward in time [from that epoch], the moon-earth system is from 
a dynamical point of view continually losing energy from the 

* Phil, Trans, Roy. Soc., vol. 145, p. 101. See also a lecture by Sir Q. B. Airy 
'*Oii the interior of the Earth." Nature, vol. 18, p. 41, 1878. 

t See '* Precession of a viscous spheroid and remote history of the earth." 
Phil. Trans. Pt. ii. p. 531, 1879. 
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internal friction. One part of this energy turns into potential 
energy of the moon's position relatively to the earth, and the 
rest develops heat in the interior of the earth." It is evid«« 
therefore that, knowing the initial and present circnmstaoces, 
it is possible to estimate the total amount of energy converted 
into heat without knowing the lapse of time in which it has 
occurred. Darwin finds the common period of rotation, when 
the moon separated from the earth, to have been 5 h. 36 iil, 
taking the viscosity at that time as small, the eartJi being sap- 
posed to have been " a cooling body gradually freezing as it cook* 
The present rate of rotation relative to the moon (the lunar day) 
is 23 h. 56 m. The total heat generated in the earth in the 
course of this lengthening of the day if applied all at once would 
he says* be sufficient to heat the whole mass of the earth about 
3000° Fah. supposing it to have the specific heat of iron. In 
Table iv. of the former paper-f he had given 1760'' Fah. as the 
temperature corresponding to a period of rotation of 6 h. 45 iil, 
so that it appears that the additional 1240'' must be due to 
the loss on the difiference between 6 h. 45 m. and 5 L 36 nt, 
or 1 h. 9 m., and he remarks that, "The whole heat generated 
from first to last gives a supply of heat at the present rate of 
loss for 3560 million years. This amount of heat is certainly 
prodigious, and " he adds, ** I found it hard to believe that it 
should not largely affect the underground temperature "J; but* 
further calculation led him to believe that it need not do 90» 
for he found that 032 of the whole heat would be generated 
within the central eighth of the volume of the earth, and only 
one-tenth within 500 miles of the surface. The heat generated 
at the centre is 3/^ times the average, that at the pole 1/2^ 
of the average, and at the equator 1/1 2| of the average; and it 
turned out that the heat, being so centrically produced, would, on 
account of the slowness of conduction, not have had time to reach 
the surface in the 57 million years postulated. This conclusion 
depending on conduction would of course be true only in the case 
of a solid earth, the interior of which had the particular viscosity 
which has been assumed, on which the 57 million years depend. 

In connection with this point a serious difficulty seems to 
arise. Lord Kelvin, in his well-known paper " On the secular cooling 
of the Earth §," held that, when according to his view it solidified 
in a comparatively short period of time, the interior was at the 
temperature of solidification suited to the pressure at every depth, 
and, because the cooling would not even yet have penetrated to 

* "Problems connected with the tides of a viflcons spheroid,'* p. 592. 

t "On the precession of a viscous spheroid," p. 494. 

X p. 661. 

§ Trans, Roy. Soc. Edin. vol. xxiii. pt. i., p. 157, and Nat. Phil., App.P. 
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.ny great depth, it ought to be so still if it is solid. How 
heD, it may be asked, could this eDormous amount of heat be 
lerpetually beiug communicated to the central parts, and they 
till remain solid ? It seems that they must have become heated 
ar above the temperature of fusion appropriate to the pressure, 
md must now be liquid ; as nearly all geologists believe. 

I think I have proved in the Physics of the Earth's Crust'* 
.hat, if the crust is as thin as geologists suppose, and if the age 
3f the world is anything approaching to what geological pheno- 
nena appear to indicate, then there must exist convection currents 
in the interior, which prevent the crust from growing thicker 
by melting ofif the bottom of it nearly as fast as it solidifies. 
But I made no suggestion to account for such currents being 
maintained. Here however we appear to find the explanation. 
This centrically generated heat would be amply sufficient to 
support fusion, and to keep the currents in action. Indeed the 
difficulty is rather to see what would become of it all. Darwin's 
result, regarding the localization of the heat generated, does not 
depend upon the viscosity, for the coefficient (i») which is intro- 
duced into the calculation does not appear in the final result "f; 
but it applies only to the heat generated within the earth by 
the action of the tidal couple upon the substance of the interior. 
The distribution of heat within the earth caused by the tidal 
couple will still follow the same law if only a portion of it is 
generated within the earth, and the rest within the water of the 
ocean. Suppose for instance that the earth was either perfectly 
rigid or perfectly fluid. In either such case no heat would be 
generated within the earth. But without doubt the friction of 
the oceanic tidal flow would, in a sufficiently long time, reduce the 
speed of the rotation J. The heat in that case would be generated 
only in the water, and be radiated into space. But besides friction 
there seems reason to believe that some amount of heat may be 
generated in the ocean owing to the fact that the speed of the 
forced tide wave difters from that of the free wave with which a 
disturbance would travel round the earth under the influence of 
gravity alone. The question is an interesting one, and the following 
attempt is made to solve it. 

We have ^ the west longitude of P the place of observation, 
tot the moon's angular distance west of the prime meridian. Then 
the moon is ^ — wi east of P. 

* 2nd Ed. pp. 77 and 349. 

t * ' Problems connected ivith tides of a viscous spheroid/ ' p. 558, equation (28), viz. 

f-s[{'-K9}-ie)'-'»'»i'=-<»*"')e)'(]. 

where H is the average loss of heat throughout the earth. 

X Sir W. Thomson on "Geological Time.'* Trans, Geol Soc, of Glasgow, 
vol. III. pt. I., 1868, p. 6. 
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Suppose, as is usual in the canal theory, that AP is develo] 
into a straight line, and that the earth is at rest, and tbe m^ 




moving westward above A P. Then, if AP = x, the attracti* 
of the moon on the water at P will be in the direction to diminis'i 
Xy and will be negative. The moon's differential horizontal attrac- 
tion at P will therefore be 

3aif . o,, ^v 
"" 2^ ^'^ ^ (* " '*^^)' 

which for shortness write — yit sin 2^. 

Let, as before, the depth of the canal be A, and its widtl 
unity, i.e. one foot, and let y be the height of the tide above tb 
undisturbed water. 

Then we have for the accelerations on a unit particle of wate 
atP 

X == — /A sin 2-^, 

And x=^aylrj /. dx^ady^. 

Now the work on a unit particle 

=:: pjiXdx + Zdz) 

= /) I (— /Lia sin 2'^d'^ —gdz) 

-=p(^cos2ylr^gz^ + a 
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Ajt an angular distance of 45^ from the moon the water is 
b rest, and its depth is the mean depth of the canal, viz. h. This 
lakes z the depth at P ; 

/. 0^-pgh-\-C. 

Hence the work on a unit mass of water in the column at 
*is 

/>^^cos2i^-5r(2r-A)) 
= ^^^cos2^-5ryj 
= p 1^1 cos2Vr + g i^y cos2t] 

fxa aW 

= P ^ -r-i T cos 2^. 

'^ 2 a 0) — gh ^ 

Therefore the work on the whole column of unit width is 

fia aW o I /I . \ 

To obtain the work done on a length AP of the canal we must 
multiply this by adyfr and integrate, whence, putting for yfr its 
value — €i)t, and taking the integral from ^ = to t = t, y/e get 

p 2 2 2 

work on AP = p \f-j- h -s~8^— > {sin 2 (<^ — w^ — sin 2<f>} 

' ffia axo Y ha 
+ V2"aV-7AJ "2 *"* 

The work on the whole canal will be given by putting ^ = 2tt, 
and will be, 

work on the whole canal = p J- ^^ h -Ai^—r sin 2©^ 

'^ I 4 aca—gh 

(fia atD y ha 
2 aW-jh) "2 *"* 
, 1 fiw, ao) \'A« . . ^1 

+ 4 U ;iv -^J -2 «'° M • 
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This work is done by the moon upon the whole mass of water, 
while she traverses the interval AQ, 

Hence the work done while she makes a complete revolutioe 
will be given by putting a>^== 27r, and it will be 

ffia ato y ha g. 

This work will accumulate once every lunar day. 

To obtain the corresponding rise of temperature, we know that 
a weight m raised through s feet is equivalent to heat sufficient to 
warm m pounds of water through 5/772 degrees Fah. ; so that to 
find the rise of temperature produced by the work W upon a maa 
m of water we have 

W=^7ngSy 

and the equivalent rise of temperature in the water will be 

Wmg 

"772 • 

In the present instance 

m = piirhOy 

and therefore the rise of temperature in the water in a lunar day 
will be 

TaV-5r/J 2^772* 



We know that 



Ma* 1 



EU" 18-2 X 10* * 

Hence M = I ^ o « ^ /vg • 

^ ' 18*2 X 10* 

And Q> = 0-000072924 radian, 

a — 3959 miles, 

A = 4 miles, 

<7 = 32 feet per second. 

Reducing to feet, the rise of temperature in the water of the 
equatorial canal in degrees Fah. comes out about 

0000006° Fah. 

in one year, or 6° in a million years. 

We see then that under the present circumstances a veiy 
small portion of the heat generated about the earth in this manner 
would be taken up by the ocean, and radiated into spax^, irre- 
spective of the friction of the water. But Darwin informs ns 

* ThonuK>n and Tait, 2nd Ed. p. SSd. 
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that, looking backwards, the moon's orbital velocity increases very 
rapidly. Now g> is the earth's angular velocity minus the moon's 
orbital velocity. If then retrospectively the moon's orbital velocity 
increases more rapidly than the earth's angular velocity, g) will 
diminish. 



If we put u = (^f^^J^)\ 



, du //A«V 2a' G) (a*cD* + qh) 

**'^'' d^ = " \Y) (aW - ghf • 

Hence, so long as a'o)" is greater than gh, u will increase as q> 
diminishes. Moreover the moon's distance diminishes. Hence, 
(jia/2y varying inversely as the sixth power of the distance will 
increase very rapidly; so that on both these accounts the heat 
generated in the water per lunar day will rapidly increase. It 
must not however be forgotten that the length of the lunar day 
increases, so that fewer of them go to a year. 

The above expression would become infinite if 

0) = sfghja ; 

that is if o) = 0000039, 

whereas at the present o) = 0000073. 

But such a result cannot be relied upon, because the same value 
of to would make the expression for the height of the tide infinite, 
whereas in the formation of the difierential equation from which it 
is found it has been assumed to be small. But it is evident that 
the generation of heat in the water must increase as that value of 
© is approached, and that something of the nature of a catastrophe 
will have happened at that juncture, because, going back in time, 
when that epoch has been passed the expression for the height of 
the tide is found to have changed signs, and consequently high 
and low water will have interchanged places then. 

If €o is less than 'Jghfay then du/do) becomes positive, and the 
heat generated in the water rapidly diminishes as o) diminishes. 

We know that VgrA is the velocity of the free wave, with which 
a disturbance in the water would be propagated under the influ- 
ence of gravity alone. 

The friction of the tides against the coast-lines will of course 
have had some effect in retarding the rotation, but how much we 
cannot estimate*. 

We have seen that the fact that the speed of the forced tide 
wave in the ocean diflfers from that of the free wave is a cause of 

 Airy's " Tides and Waves,'* § 644. Eneycl. Met, quoted by Sir W. Thomson, 
**Geol. Time." Tram. GeoL Soc., Glasgow, 18G8. 
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generation of heat (though small) in the water. A like cause 
must be in operation within the earth, because the forced bodily 
tide has a different period from the free gravitational oscillatioo. 
The distribution of the additional heat from this cause would pro- 
bably, if calculated, turn out to be different from that arising firam 
the internal friction produced by the tidal couple, which is the 
source of internal heat contemplated in Prof. Darwin's work. 

It seems then that, unless the ocean tides have been in opera- 
tion for a length of time exceeding any estimate hitherto sugg^ted, 
it does not appear probable that any considerable portion of the 
heat, which according to Darwin's hypothesis of the moon being 
shed from the earth has been from first to last generated about 
the earth, can be got rid of by that meana It follows that a 
largely pre|X)nderating amount of it must have accumulated within 
the earth. This as already remarked must have kept the deeper 
parts constantly above the temperature of solidification for the 
pressure, and is an argument in favour of present liquidity. 

But if such is their condition we cannot appeal to the slowness 
of conduction in a solid earth to account for this great amount of 
heat not making itself evident at the surface ; which it must have 
done unless it has been prevented from accumulating faster than 
it has been generated. There seem to be only three important 
means of effecting this, viz. (I) conduction through the solidined 
crust, (2) transference of heat to the surface by volcanic action, 
(3) the conversion of beat into work against gravity, and against 
the molecular forces, expended in modifying during geological 
ages the condition of the crust 

The first and most obvious mode of escape of heat from the 
interior, which we now regard as liquid, is by conduction through 
the solidified crust. I have explained in my Physics of the Earns 
Crust* y how it is the latent heat of the layer by which the crust 
would have been thickened more than, owing to the action of the 
hot liquid, it is actually thickened, which escapes by conduction 
through the crust, and that this heat is abstracted from the interior 
mass and lowers its temperature. I have also shown that the 
mean fall of temperature of the interior from this cause, consider- 
ing the store of heat to have been initial f and the time elapsed 

• p. 78. 

t It appears however that this assumption is not necessary, for the whole maa 
remelted (nsing the symbols in Physics of tlie Earth*t Crust) is y x 4r (r - Jl)*, and 
it yields up X times Uiat amount of heat. 

This divided by the volume of the interior will give the mean fall of tempeimtiiit 

or pntting 7 for ^ = S\y - nearly, 

OR on the hj^thesia of the heat being initial. 
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100 million years, may be put at about 209"" Fah. This calculation 
involves the assumption that the ratio of the rate of thickening to 
the rate of retardation (or remelting) is constant, or, what is equi- 
valent to this, that the thickness of the crust varies as the square 
root of the time since it began to be formed. It was there shown* 
that the assumption of constancy of the above ratio of the rates of 
thickening and retaixlation of thickening is probable, because, if 
their ratio varied as any power of the time, it would lead to 
umiatural consequences. I now find that the assumption that the 
store of heat was initial is not necessary, because the same formula 
can be obtained without that assumption, so long as we adhere to 
the other assumption that the thickness of the crust varies as the 
square root of the time, or to its equivalent. Such a calculation 
is sufficient to show that the amount of heat, carried off by con- 
duction through the crust in an interval even so long as 100 million 
years, must have been quite inconsiderable compared to the whole 
amount generated in the interior. 

As the most extreme case possible of volcanic action we can 
estimate approximately the fall of temperature of the earth sup- 
posing the whole of the water of the ocean to have been originally 
in solution with the magma of the interior, and to have carried off 
a corresponding amount of heat. Professors Rucker and Roberts- 
Austen nave determined the temperature of melting basalt to be 
about 920° C. f Now the total heat of steam at t degrees C. given 
off in condensing into water at 0"" C. is given by the formula 

605-5 +0-305«+; 

whence it appears that unit of vapour at 920° C. will have parted 
with 886 units of heat in condensing to water at 0° C. Hence every 
unit mass of the ocean on the hypothesis now made represents 886 
units of heat removed from the interior of the globe ; for remem- 
bering that the main body of water in the great oceans is at very 
low temperatures, and that a large volume of water at the poles is 
frozen, it is not a violent supposition to assume 0° C. as the mean 
temperature. 

Now even supposing the ocean to cover the globe and to be four 
miles deep, its volume will be about 0*003 of the whole globe. The 
density of the globe is 5*5 that of water. Hence the mass of the 
ocean is 0'003/5'5 times the mass of the globe. Then, taking as 
Darwin has done the specific heat of the globe to be that of iron, viz. 
1/9, we get the mean temperature of the interior reduced by this 
means by 4°'53 C or 8° F., an inappreciable amount compared with 
the 300iO*' F. attributed to tidal action, by which the earth is 
estimated to have been heated. 

* Appendix to Physics of the Earth's Crusty p. 21. 

t " Nature," yoI. xliv., p. 466. Also Phil Mag,, Oct. 1891. 

t Tftit'B Heat, § 166. 

VOL. VII. VT. VL 27 
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On the above extreme hypothesis that the ocean consistB of 
condensed steam emitted from the interior, the solid ejectaments 
of volcanic action would have had a very subsidiary effect in re- 
ducing the internal temperature. 

There remains the consideration of the heat converted into the 
work which has been expended in producing elevations of the 
surface, in shearing and contorting the materials of the cruat, and 
in inducing molecular changes. The amount of this work has no 
doubt been from first to last enormous; but it is ea^ to see that a 
very inconsiderable fall of temperature throughout the interior 
would represent a very great aeal of such work effected. For 
instance, the work of raising through half its height a layer of 
granite ten miles thick, weighing 178 pounds per cubic foot, would 
represent the heat equivalent to a &li of temperature of only 
one degree F. throughout the globe. 

We have not then so far arrived at an answer to the enquiiy — 
What has become of all the heat generated by tidal friction \ 
There appear to be only two replies to this question. One is, that 
the solidification of the crust took place a very long while subse- 
quent to the genesis of the moon, so, that the still liquid surface 
was able for ages to radiate directly into space the heat carried 
up to it from below by convection during the time, when, owing to 
the proximity of the moon, the generation of internal heat went oo 
most rapidly. The other answer can only be, that the moon was 
not originally thrown off from the earth, but was left behind accord- 
ing to the nebular hypothesis. In that case the whole amount of 
tidal action would not have been so great, though nevertheless 
sufficient heat may have been centrically generated by it to main- 
tain those internal currents, which the theory of a thin crust and 
liquid interior appear to necessitate. 

(2) On OynodioBcism in the Labiatae. (First paper.) Bj 
J. 0. Willis, B.A., "Frank Smart" Student in Botany, Caius 

College. 

In July, 1890, my attention was called, by Mr F. Darwin, to 
the occurrence, on hermaphrodite plants of Origanum vulgare in 
his garden, of occasional flowers having one, two, three, or even 
aU, of the stamens aborted. I found such flowers, on examination 
of many plants, to be of fairly common occurrence. The corolla is 
usually smaller than in the normal hermaphrodite flower, and 
may even, especially in the case of the female flowers, be as small 
as the corolla of a normal female flower (Le. a flower on a female 
plant). The aborted stamens are represented by small dark- 
coloured bodies in the throat of the corolla, usually sessile, but in 
some cases shortly stalked. 
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Corresponding yariations on the normally female plants were 
of much rarer occurrence. Occasionally, however, I found a female 
plant bearing a large hermaphrodite flower among the females, 
and flowers with one or two stamens also occurred. 

That these variations are not simply due to cultivation appears 
from the fact that they are as common upon the wild form, which 
I have examined at Abington (Cambs.) and Llangollen. Three 
batches of plants gathered at the same time in August, 1890, gave 
the following results : 



j 

Batch 


Plants 


Flowen 


L 


II. 


III. 


IV. 


Total 


Vo 


A. 
B. 
C. 

Total 


12 
7 
9 


1146 
745 

588 


8 
8 
2 


8 
21 
17 


14 

11 

6 


37 
14 

7 


67 
54 
32 


6-86 
7-23 
5-44 


28 


2479 


18 


46 


31 


58 


153 


6-17 



A. Plants from the "Labiatae" bed, Bot Gardens, Gamb. 

B "Medicinal" 

C Abington (Gambs.) 

The nnmbera in oolnmns I., II., m., lY., represent the numbers of flowers with 
1, 2, 8, 4 aborted stamens, respeotiyely. 

It will be noticed that the number of flowers fully female is 
greater than the number of any of the intermediate forms, and 
this I found to be always the case, if a considerable number of 
plants were examined. Some of the variations were very striking, 
e.g. on each of two plants in batch A there occurred a lateral 
twig which bore female flowers only. I have observed the same 
phenomenon on two or three other occasions. 

Similar variations occur upon the hermaphrodite plants of 
other Labiatae. MtLller*, Schulzf, and others have observed them 
in some, and I have myself noticed them in Thymus serpyllum, 
Nepeta Olechoma, and N, Cataria (all in the wild state), besides 
many garden plants of the order, e.g. Micronieria jtdiana, Nepeta 
longiflora, Hyptis pectinata, Bystropogon punctatus, Mentha crispa, 
ScUureia hortmsis and S. montana. The last-mentioned is ex- 
tremely variable, at least in Cambridge, more than half the flowers 
usually departing from the normal type. 

During 1891 various observations were made upon these 
abnormalities, with a view to discovering the conditions govern- 
ing them, and also to throwing some light upon the ongin of 

* 'Fertilisation of Flowers/' Eng. Ed. p. 476 (Cakmintha Clinopodium). 
f '* Die biologisohen Eigenschaften yon Thymus Chamaedryi Fr. a. T. angtuti* 
foliru Pers.*' Deutsche Botan. Monatsschr. zii. 1885, p. 152. 

27—2 
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gynodioBcism. If Lud wig's* view be correct, that the primary 
cause is the protandry of the flower, rendering the stamens of the 
earlier flowers useless, we might expect to find these variatioDs 
more frequent at the commencement of the flowering seascm. 
This was tested as follows: Ten cuttings were taken from the 
same parent stock, and grown under similar conditions: every 
flower was carefully examined. The abnormalities were most 
erratic in their occurrence, and I was unable to discover any con- 
ditions governing this point. No two of the plants gave results 
corresponding in any way, nor did the average follow any ap- 
parent rule. Some bore about the same percentage of abnormal 
flowers throughout the season, others bore them many at one 
time, few at another: e.g. No. 1 bore 126 females altogether; 73 of 
these appeared in three dajrs, and of these 29 were upon one small 
lateral branch of the inflorescence. It may however be noted that 
the percentage of abnormalities was much lower than in 1890, 
being only 2 per cent.; a result possibly due to the plants 
being cultivatea, and having no competition with one another for 
space. 

One plant was protected from insects by a muslin net through- 
out the nowering season, and did not, though it bore hundreds of 
flowers, set a single seed capable of germmation. It should be 
noted, that owing to the smallness of tiie meshes, the plant could 
not be shaken by the wind. 

Observations were also made (1891) upon Nq^eta Olechama 
(wild). Two lots of plants were examined, one (A) growing on a 
dry sunny bank, the other (B) in deep shade in a wood. The 
latter commenced to flower 18 days later than the former and 
were much taller and less hairy. 

The numbers of plants in flower and the numbers of open 
flowers were counted weekly during the flowering season, and it 
was found, as Ludwig has observed in the case of thyme, that the 
proportion of female to hermaphrodite plants in flower was greater 
at the be^nning than at the end of the flowering season. For 
example m lot A, on the first day 6 female plants and one 
hermaphrodite flowered ; the percentage of females being 85*7. A 
week later it was 33'6 per cent, and near the end of uie season 
was 23*6 per cent. In lot B, the percentages each week were 50', 
16-, 33-8, 28-5, 23*4, 192, 28-3. 

It was noticed that the female plants generally bore more open 
flowers at one time than the hermaphrodites. In lot A the 
number of flowers on each female plant was (on an average for the 
whole season) 2*40, and on each hermaphrodite 2*16. In lot B 
the numbers were 315 and 2*16. The greater size of the her- 

* **Ueber die Bliithexifonnen von Plantago lanceolata L, and die ErscheiniiiK 
der Gynodidoie." Zeitsohr. £. d. CJes. Naturw. lil 1879. p. 441. 
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maphrodite flowers is thus to some extent compensated for by the 
greater number of the females. 

Abnormalities in the flowers of Nepeta, like those observed in 
Origanum, &c., are comparatively few and far between, but were 
yet fairly often encountered. 

During the course of these observations upon Nepeta an 
interesting point was noticed. The protandry of the flowers 
appears to vary according to the season : at the beginning of the 
flowering season the stigmas begin to separate very soon after 
the dehiscence of the anthers, while towards the end of the 
season these processes are separated by a considerable time. I am 
conducting further observations upon this point. If it should 
prove general, it would, taken together with the negative results 
of the above observations on Origanum, have a tendency to dis- 

Erove Ludwig's view of the origm of gynodioecism. This point 
owever I hope to discuss in a future paper, when I shall have 
concluded the further observations on Origanum, &c., which are 
now being conducted. 



(3) On the Steady Motion and Stability of Dynamical Systems, 
By A. B. Basset, M.A., F.RS., Trinity College. 

1. The object of the present paper is to develop a method for 
determining the steady motion and stability of dynamical systems, 
by means of the Principle of Energy, and the Theory of the 
Ignoration of Coordinates. The subject has already been discussed 
by Routh*, but is treated in the present paper in a slightly 
different manner. 

Let the coordinates of a dynamical system consist of a group ^, 
and a group of ignored coordinates x > ^^^ ^^^ ^ ^ the constant 
generalized momentum corresponding to ;j;. Then if the velocities 
;[; be eliminated by means of the equations 

dT_ 

it is well known that the kinetic energy of the system will be of 
the form 

where 3^ is a homogeneous quadratic function of the velocities 6, 
and ft is a similar function of the constant momenta k. 

Also if be that portion of the generalized component of 
momentum corresponding to 0, which does not involve ^, and 

* Treatise on Stability of Motion, 
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which is conaequently a linear function of the ic\ the modified 
Lagrangian iiinction is 

L^Z + t{^d)-St-V (1), 

where V is the potential energy, measared from a coDfiguration of 
stable equilibrium*. 

The equations of motion of the system are accordingly 

ddZ d» d% ^(d% A.dSt dV_ 

Ttdd Ilt''~d0''^\d0^)^d0^ de--^ ^^^ 

From this equation it appears, that a steady motion may 
usually be obtained by assigning constant values to the coordinates 
; whence the equations of steady motion are 

g-i--« • (»^ 

where the number of equations of the type (3) is equal to the 
number of coordinates 0. 

2. Let there be m coordinates of the type 0, and n ignored 
coordinates of the type x l then we have three cases to consider, 
according as m is equal to, less than, or greater than n. 

Case L m = n. 

In this case, the number of equations of the type (3) is equal 
to the number of momenta k ; hence these equations are sufficient 
to determine these momenta. Accordingly the conditions of steady 
motion are, that it should be possible, without violating the con- 
nections of the system, to assign constant values to the tf's» such 
that the values of the m momenta tc, furnished by the solution of 
(3), should be real 

Case II. m<n. 

In this case, the number of equations of the type (3) is less 
than the number of momenta k. It will therefore be usually 
possible, when the values of the ^s are given, for the momenta to 

Eossess a series of arbitrary values, which lie between certain 
mits. 

Case III. m>n. 

In this case, the number of equations of the type (3) is neater 
than the number of momenta k ; it will therefore be possible to 
eliminate the momenta from (3) in one or more ways. Hence in 
order that steady motion may be possible, it will be necessary that 

• Proe, Camb. Phil. Soe., yoI. vi. p. 117; Baaaet, Hydrodynamics, voL x. p. 174; 
where, in equation (86), the sign of V ooght to be changed. 
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certain relations should exist between the ffs^ or that some of 
these quantities should have certain definite values. 

3. As an example of Case III., let us consider the steady 
motion of an ellipsoid, which is rotating about its centre of inertia 
under the action of no forces. In this case, there is one ignored 

coordinate, viz. '^ ; and the momentum corresponding to '^ is the 
constant angular momentum k about OZ, The value of S is 

*"(7cos*^ + (ilco8«^ + 5sin*^)sin«^ ^*^- 

The equations of steady motion are 

5^=^' d^ = ^ (^>' 

which are satisfied 

(i) by(? = 0; 

(ii) by ^ = Jtt, and ^ = ; 

(iii) by ^ = Jtt, and (f> = Jtt. 

These three conditions respectively correspond to rotation about 
the least, greatest and mean axes. Hence steady motion is 
impossible, unless the axis of rotation is a principal axis ; which 
is a well-known result. 

4. As an example of Case II., we may consider the motion of 
a solid of revolution or top, spinning about its point. Here ^, as 
well as ^, is an ignored coordinate; the constimt momentum 
corresponding to ^, is the angular momentum Cm^ of the top about 

its polar axis. If ac^, k^ be the momenta corresponding to '^, ^ ; 
the value of S will be found to be 

^_ (^,-^,cosg)' ^,' ,gv 

also V=:Mga(l + coB0) (7); 

whence the equation of steady motion is 

^(«+r)=o (8), 

and will be found to lead to the usual result. 

5. We must consider the condition of stability. 

Let E be the energy in steady motion, and let the suffixes 
denote the values of the quantities under these circumstances. 
Then 
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Let any disturbance be communicated to the system, and Jet 
E-\-hEhe the energy of the disturbed motion ; then 

whence 

s^=a;+[(ff + F)-(«o+i^o)] (9)- 

Now %, being the kinetic energy of a possible motion of the 
system, is essentially positive, and in the beginning of the dis- 
turbed motion must be a small quantity ; hence if 

2^ must remain a small quantity, and the system cannot deviate 
much from its position in steady motion, and the motion will 
be stable ; but if 

ft+F<ft,+ F„ 

% may become a finite positive quantity, whilst the term in square 
brackets may become a finite negative quantity, such that their 
difference remains equal to the small quantity hE, and the motion 
may be unstable. Hence the motion will be stable, provided 
ft + F is a minimum. 

It should be noticed, that this criterion of stability not only 
includes disturbances which produce variations of the coordinates 
0, but also disturbances which produce variations of the momenta 
K, though of course the latter quantities always remain constant 
during the disturbed motion, and equal to their values immediately 
after disturbance. 

6. Routh has shown*, that when there is only one coordinate 
of the type 6, the steady motion will be unstable unless £ + F is a 
minimum in steady motion ; but although we have just shown, 
that when there are two or more coordinates of the type 0, the 
motion will be stable provided it + F is a minimum, it does not 
follow that the motion will be unstable, when this condition is not 
satisfied. In fact it sometimes happens, that steady motion will 
be stable when ft + F is a maximum. To see this, let us re- 
turn to the case of the ellipsoid rotating about its centra 

When the axes of rotation are the least, greatest and mean 
axes, the values of ft in the beginning of the disturbed motion 
are respectively equal to 

(7-{(C-il)cos«</^-|-(C-£)sin»^}^' 
_ __K 

K 

B -(B - A)f* + (C - B) e*' 

* Stability of Motion, p. 85. 
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ivhere 0, (f>,e,feixe small angles. In the first case, j( is a minimum 
in steady motion. In the second case, in which rotation takes 
place about the greatest axis, j( is a maximum ; but it can be 
shown by other methods, that the steady motion is stable. In the 
last case, in which the rotation takes place about the mean axis, 
i( is a maximum for some disturbances, and a minimum for others; 
and the motion is well known to be unstable. 

The conditions of stability, when there are two coordinates 
of the type 0, are given by Routh*, and are somewhat com- 
plicated. The general conditions of stability, when it 4- F is 
not a minimum in steady motion, do not appear to have been 
investigated. 

7. The advantages of the Theory of the Ignoration of Co- 
ordinates is most strikingly illustrated in Hydrodynamical pro- 
blems; for in this subject, the most convenient form of the 
kinetic energy is frequently one, which is not entirely composed 
of velocities, which are the time variations of coordinates. More- 
over, the generalized velocities corresponding to such quantities 
as components of molecular rotation, vorticity and the like, are 
frequently unknown, or would be troublesome to introduce. We 
shall presently call attention to two Hydrodynamical problems, 
in which the power of this method is strongly brought out. 

It must however be noticed, that it is not necessary that 
the quantities k should be momenta in the ordinary sense of 
the word ; for if t^, t, ... be any other quantities, which are con- 
nected with #Cj, AC, ... by a series of relations of the form 

equations (2) and (3) would still apply ; provided the functions 
y do not contain any of the coordinates 0. This remark is of 
some importance^ as a convenient transformation often shortens 
the work. 

8. In the case of a cylinder moving parallel to a fixed wall, 
when there is circulation t, the kinetic energy is 

T=^R{x' + y') + M:'pa/^, 

where k is the circulation. 

The coordinate ^ is an ignored coordinate, and the constant 
momentum h, corresponding to x, is the momentum of the system 
parallel to the wall, which is equal to 

h = Mx + icpc ; 

* Stability of Motion, p. 88. t Hydrodynamics, vol. i. § 213. 
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and r={M~M')gy. 

The equation of steady motion is 

which leads at once to 

pu^ — icpucoth a -f i^pl4tirc + {M'-M')g^O, 

where 1> = — i dR/dy, u==sb, 

which is eqaation (10), § 213. 

The stability of the various cases which arise, can be found 
from the condition that 

should be positive, but the calculation would be somewhat trouble- 
some. If however the radius of the cylinder were small in com- 
parison with its distance from the wall, approximate results might 
be obtained in a fairly simple form. 

9. In Hydrodynamical problems, which involve molecular 
rotation, certain quantities occur, which although not properiy 
speaking momenta, are quantities in the nature of momenta ; and 
to this class of quantities vorticity belongs. Let a surface S 
be drawn in a liquid, cutting each vortex line once only; let a» 
be the resultant molecular rotation, € the angle between the 
direction of m and the normal to dS drawn outwards. Then the 
integral 

a> cos €d8 



II 



is constant throughout the motion, and this statement expresses 
the fact that the vorticity of the mass of liquid is constant. The 
dimensions of this quantity, when multiplied by p are [ML^T^], 
and these are the dimensions of an angular momentum. We 
may therefore regard the constant quantity 

p W o> cos ^8, 

as a generalized component of momentum. 

When a liquid ellipsoid is rotating about a principal axis 
(say c), the yalue of this integral is 
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where 22 is the radius of a sphere of equal volume ; whence 
{/c must be constant throughout the motion, and we may there- 
fore treat this quantity, as one which is in the nature of a 
generalized component of momentum. 

The angular momentum h about the axis is also constant; 
and if we introduce two new constants r, t\ such that 

it follows, that since the volume is constant, we may regard 
t\ r as quantities in the nature of generalized components of 
momentum, and employ them in the place of ^/c and A. Whence 
the expression for St is 



^-^^{jathy^J^h)]' 



and 

/•• dX 

accordingly the steady motion is determined by the equations 

^(it4-F)=0. ^(it + y) = 0; 

in which c must be regarded as a function of a and h. See 
Hydrodynamics^ vol. ii. §§ 363—367. 
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tnemoirs : 

VI. Mr C. Chree, On some Compound Vibrating Systems, 
Vn. Mr H. W. Richmond, On PascaVs Hexagram, 

Vol. XV. Pt. III. is now published, and contains the following 
memoirs : 

VIII. Mr H. M. Macdonald, On the Self-Induction of Two 

Parallel Conductors. 

IX. . Mr C. Chree, On Changes in the Dimensions of Elastic 
Solids due to given Systems of Forces. 

Fellows will obtain their copies on application to 
The University Press, Cambridge. 

Vol. XIII. Pt. IV., containing Dr Glaisher's Tables, with the 
Index and Table of Contents to Vol. xiii., is in the Press, 
and will be issued with the concluding part of Vol. xv. 

.3. Letters and communications for the Society should be 
addressed to one 6i the Secretaries, 

Mr J. Larmor, at St John's College, 

Dr HOBSON, at Christ's College, 

Mr W. Bateson, at St John s College. 

Presents for the Library of the Society should be addressed to 

The Philosophical Library, 

New Musev/ms, 

Cambridge. 
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science in others, have few claims to be called a man of scieikoe 
myself; and had I not been ably support^ by the oflScers of the 
Society, the high reputation which we have so long niaintain€d 
might have been somewhat tarnished by the appearance of a name 
so humble as mine in the list of Presidents. The Secretari^ 
however, have taken good care to provide our meetings witk 
papers excellent in matter and varied in character; and the 
Treasurer has been most energetic and successful in improving 
our financial position. 

The Society has now been in existence for rather more than 
seventy years ; and I may say, without fear of contradiction, that 
though our position is different from what it was in days which 
many persons can remember, we still hold our own in pablic 
estimation — still exercise a powerful influence in the UniveraitT. 
The time has not yet come for the history of the Society to be 
written ; but it has occurred to me that it might be interesting to 
place on record a few notes respecting its origin, and the early 
years of its corporate life. 

In the Easter Vacation of 1819 Professor Sedgwick — who had 
been elected to the Woodwardian Chair in the May of the previous 
year — was taking a tour in the Isle of Wight, and collecting 
materials for his first course of lectures, which ne delivered in the 
ensuing Easter Term. He was accompanied by Mr Heuslow (A 
St John's College, and as the two frienas walked and talked they 
deplored the want of some place in Cambridge to which those in- 
terested in science might resort, with the certainty of meeting per- 
sons of similar or kindred tastes, and where they might leam what 
was being done abroad. Their " first idea," we are told, " was to 
establish a Corresponding Society, for the purpose of introducing 
subjects of natural history to the Cambridge students " ; and on 
their return to the University they wrote "to their respective 
friends for their encouragement and support\" Easter bad &llen 
late that year (11 April), and therefore the Easter Term would be 
short. Sedgwick, moreover, was fully occupied with his lectures. 
The idea too, was novel, and in those days novelty, especially 
when it took the form of a combination for the prosecution of 
something foreign to the normal course of study in the place, was 
sure to encounter disapprobation, if not active opposition. Delay, 
therefore, was unavoioable; and it need excite no surprise that 
the Michaelmas Term was far advanced before the following notice 
was circulated, at the suggestion, it is said, of Dr K D. Clarke, 
Professor of Mineralogy, who entered into the scheme with 
characteristic enthusiasm, and was always spoken of by Sedgwick 
as the founder of the Society. 

^ Memoin of the Rev, John Stevens Henslow, by the Bev. L. Jenyna. Sro. Camh. 
1862, p. 17. 
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Oambbidge, OcU 30, 1819. 

The resident Members of the University, who have taken their 
ps-fc degree, are hereby invited to assemble at the Lecture-Room, under 
le rtiblic Library, at twelve o'clock, on Tuesday, Nov. 2, for the 
urpose of instituting a Society, as a point of concourse, for scientific 
>xiiiiiunication8. 



Hon. Geo. Neville*. 
Bishop of Bristol*. 
Dean of Carlisle'. 
Dr Kaye*. 
Dr Davy*. 
Pr Webb^ 
Pr E. Clarke'. 
Dr Haviland®. 
Dr Ingle". 
*Prof. Monk". 
Prof. Cumming^^ 
Prof. Sedgwick. 
Prof. Lee". 
R. Woodhouse*'. 
Rev. T. Kerrich ". 



Rev. A. Carrighan. [Joh.] 

— T. Jephson. [Joh.] 
♦Rev. J. Holmes. [Pet] 

* — W. Mandell. [Qu.] 

* — J. Hustler »*. 

* — J. Brown. [Trin.] 

— C Macfarlan. [Trin.] 
*W. Hustler »•. 

*Rev. J. Lamb". 

— T. Hughes '^ 

- J. Evana [Cla.] 

- G. Peacock**. 

- F. Fallows*^. 

- J. Whittaker"*. 

- R. Crawley. [Magd.] 






I Master of liagdalene 1813—53; Dean of Windsor 1845—53. 

> T^ill. Lort Mansel, D.D., Master of Trinity 1788—1820; Bp. of Bristol 
1808 — 20. 

s Isaac Milner, D.D., President of Queens* 1788-1820; Dean of Carlisle 1793 
—1820. 

« John Eaye, D.D., Master of Christ's 1814—30; Bp. of Bristol 1820—27; of 
Lincoln 1827—53. 

9 Martin Davy, M.D., Master of Gonville and Caius 1803—39. 

« Will. Webb, D.D., Master of Clare 1815—56. 

7 Edw. Dan. Clarke, LL.D., Professor of Mineralogy 1808—22. 

> Job. Haviland, M.D., Begins Professor of Medicine 1817 — 51. 
» Tho. Ingle, M.D. Pet. 

w Ja. Hen. Monk, B.D. Trin., Begins Professor of Greek 1808—23; Bp. of 
Gloaoester 1830—56. 

II Ja. Conuning, M.A. Trin., Professor of Chemistry 1815 — 61. 
^' Sam. Lee, M.A. Queens*, Professor of Arabic 1819 — 31. 

" Bob. Woodhouse, M.A. Cai., Lncasian Professor 1820—22; Plnmian Professor 
182 2 28 

1* Tho. Kerrich, M.A. Magd., Principal Librarian 1797—1828. 

^' Ja. Devereux Hustler, B.D. Trin. 

" Will. Hustler, M.A. Jes., Begistrary 1816—82. 

17 Master of Corpus Christi 1822—50. 

^ Tho. Smart Hughes, B.D. Emm., Christian Advocate, 1822. 

^ Geo. Peacock, M.A. Trin., Lowndean Professor 1836—58, Dean of Ely 
1839—68. 

» Fearon Fallows, M.A. Joh., Director of the Observatory at the Cape of Good 
Hope 1820-31. 

91 Joh. Will. Whittaker, M.A. Joh. 

a2 
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Bev. H. Bobinflon". J. Henslow**. 

♦W. Whewell". 

It is interesting to remark that the thirty-three persons who 
signed the above notice differed widely in their parsuits and 
opinions, and were drawn from eleven Colleges. Among them 
are six Heads, six Professors, (of Mineralogy, Geology, Chemistiy, 
Medicine, Greek and Arabic), and eleven tutors, or assistant- 
tutors* It is clear, therefore, that from the first there was nothing 
sectarian about the Society; it represented no clique; its sup- 
porters were not distinguished by any singularity of dress, de- 
meanour, or speech; they merely recognised the need of extending 
the studies of the University in a scientific direction. 

No detailed report of the proceedings at this preliminaiy 
meeting was drawn up, but on the next day a brief memorandum 
was circulated in the University. It ran as follows : 

CAMBBiDaB, Nor. 3, 1819. 

At a Meeting of the Members of this University, which took pboe 
on Tuesday, November 2, in the Lecture-Room under the PaUie 
Library, in consequence of a requisition to that effect, signed by t 
number of distinguished Individuals of the different OoUeges, the 
following Resolutions were carried unanimously : 

1. — That Dr Haviland be called to the chair. 

Proposed by Dr Clarke, and seconded by Mr Kerridt 

2. — ^That a Society be instituted as a point of concourse for scientific 
communication. 

Proposed by Prof. Sedgwick, and seconded by Mr RobinBon. 

3. — That a Committee be appointed, consisting of the following gentle- 
men, who shall report to all Members of the University desirous of 
belonging to the said Society, such r^^lations as shall appear to 
them to be proper for the proposed institation : 



Dr Kaye. 
Dr Clarke. 
Dr Haviland. 
Prof. Farish. 
Prof. Gumming. 

Proposed by Prof. Monk, and seconded by Mr Hughes. 



Prof. Sedgwick. 
Mr Bridge. 
Mr Jephson. 
Mr FaJlows. 



» Hastings Robinson, M.A. Joh. 

ss Professor of Mineralogy 1828—32; of Moral Philosophy 1838—^ ; Master of 
Truiity 1841—66. 

^ Joh. Stevens Henslow, M.A. Joh., Professor of Mineralogy 1822 — ^28; of 
Botany 1825 — 61. Mr Henslow did not formally resign the Professonihip d 
Mineralogy on obtaining that of Botany until the mode of election had been settM 
by Sir J. Richardson's award. Memoin of Hemlow, ut supra, p. 29. 

* To the names of these an asterisk has been prefixed in the above list. 
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4r. — That the thanks of the Meeting be given to Dr Haviland, for his 
able conduct in the chair. 

Proposed by Prof. Farish, and seconded by Mr Hughes. 



N.B. It is i*eque8ted that all those gentlemen who are desirous of 
adding their names to the Society previously to the next Meeting, will 
signify their intention to the Members of the Committee. 

The Committee to whom this important duty was entrusted 
must have set about their work without delay, for in less than a 
i^eek the following *' Regulations " had been drawn up. The paper 
containing them is endorsed : " Report of the Committee appointed 
to form the regulations of a Society to be instituted in tnis Uni- 
versity for Philosophical Communication ; to be read at the first 
meeting of the Society, on Monday, November 15, at one o'clock, 
in the Lecture Room under the Public Library." 

CAMBBn>oB, November 8, 1819. 

At a Meeting of the Committee appointed to form the regulations 
of a Society, to be instituted in this (Jniversity, for Philosophical 
Communication, it was resolved : 

1. That the Society bear the name of The Cambridge Philosophical 

Society. 

2. That this Society be instituted for the purpose of promoting 

Scientific Enquiries, and of facilitating the communication of facts 
connected with the advancement of Philosophy. 

3. That this Society consist of a Patron, a President, a Vice-President, 

a Treasurer, two Secretaries, Ordinary and Honorary Members. 

4. That a Council be appointed, consisting of the above-mentioned 

Officers, and five Ordinary Members ; three of whom constitute a 
Quorum : and that no person under the standing of M. A. be of the 
Council. 

5. That the Officers of the Society, with the exception of the Patron, 

be annually elected by Ballot. 

6. That Ordinary Members be chosen from the Graduates of this 

University by ballot ; their Election being determined by a majo- 
rity of two thirds of the Electors present 

7. That any person desirous of becoming a Member, be proposed by 
three Ordinary Members ; and his name hung up in the Society's 
room, until the third meeting after the proposition has been made. 

8. That Honorary Members be proposed by six Ordinary Members, 

and balloted for accordingly. 
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9. That the Meetings of the Society be held on a Mondajy ooee is 
every fortnight during full term. The Presid^it to take the dnir 
at seven o'clock, p.m. and to quit it at nine. 

10. That the business of each meeting be conducted in the fcAoviog 

order: 

1. The minutes of the preceding meeting read and approved. 

2. Notices of new motions presented. 

3. Members proposed. 

4. Members balloted for. 

5. Motions on the minutes brought forward and determined. 

6. Miscellaneoos business. 

7. Communications read and presents acknowledged. 

11. That all communications be sent to one of the Secretarie& 

12. That nothing be published by the Society which has not been 

previously approved by the Council. 

13. That all questions involving a difference of opinion, be determined 
by a majority of Members at the next meeting. 

14. That if the numbers of the votes be equal, the Chairman have a 

casting vote. 

15. That the annual election of the Officers take place, and the 
accounts of the Treasurer be passed, at the last meeting of the 
Society for the year, in the Easter Term. 

16. That a Special Ceneral Meeting may at any time be called by the 

Secretary, in consequence either of instructions received &om the 
President, or of a requisition signed by three Ordinary Members. 
The object must be stated to the Secretary, who shall give to each 
Member an intimation thereof, stating, three days previously, the 
time and place of meeting. 

17. That the annual Subscription for each member be One Guinea, to 

be paid in advance, or in lieu of it» a payment of Ten Guineas. 

18. That all persons becoming Members, after the first meeting in 

1820, pay an admission fee of Two Guineas. 



19. That Members be at liberty to introduce each a Visitor; 

whom, the President, for die time being, may admit any person, 
with the limitation specified in the succeeding Resolution. 

20. That no resident Member of the University be allowed to 

attend more than two meetings of the Society without becoming 
a Member. 
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A.t the meeting which took place on the 15th November, these 
TSLtt Eegulations were adopted, with some slight changes and 
clditions, which are not without interest : 

In Rule 4 the number of ordinary members of the Council was 
acr(3Cised to seven. To Rule 5, after the words "6y ballot^* was 
Ldded: "but that the President and Vice-President shall not be 
Jigible for more than two years successively ; and that the three 
Senior Ordinary Members of the Council be changed every year." 
Co Rule 7 was added : '' But that all Noblemen, Heads of Houses, 
Doctors, and Professors, be ballotted for when they are proposed." 
Rule 18 was omitted ; and a new Rule 20 was drawn up : " That 
Lhe Chancellor of the University be requested to accept the office 
of Patron." 

The Regulations, as altered, having been adopted by the meet- 
ing, the Council of the Society for the ensuing year was elected : 

President. 
The Rev. W. Parish, B.D. Magd. Coll., Jacksonian Professor. 

VlCE-PRESmENT. 

John Haviland, M.D. St John's Coll., Regius Professor of Physic. 

Secretaries. 

The Rev. A. Sedgwick, M.A. Trin. Coll., Woodwardian Professor. 
The Rev. S. Lee, M. A. Queens' Coll., Professor of Arabic. 

Treasurer. 
The Rev. B. Bridge, B.D., Fellow of Pet. Coll. 

Ordinary Members of the Counciu 

The Rev. E. D. Clarke, LL.D. Jes. Coll., Professor of Mineralogy. 

J. Catton, B.D. Fellow of St John's College. 

T. Turton, B.D. Fellow of Catharine Hall. 

T. Kerricb, M.A. Magd. Coll., Principal Librarian. 

R. Woodhoiise, M. A. Fellow of Caius College. 

The Rev. J. Cumoiing, M. A. Trin. Coll., Professor of Chemistry. 
R. Gwatkin, M.A. Fellow of St John's College. 

We have seen that the meeting at which the above Regulations 
were adopted is called " the first meeting of the Society." The 
Minute Book of the Society, however, takes a diflferent view, and 
places the birthday of the Society a few weeks later. We there 
read : 

"Minutes of the first meeting of the Cambridge Philosophical 
Society held in the Museum of the Botanic Garden, Mon day, December 
13, 1819, Professor Parish in the chair." 
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At this meeting Professor Farish delivered an address, as abo 
did Dr E. D. Clarke. His biographer says : 

*' Of this scheme [of founding a Philosophical Society at Cambridge^ 
whose direct object was the promotion of science, and its natural 
tendency to raise the credit of the University, Dr Clarke was of coaae 
one of the earliest and one of the most zealous promoters; and aa it 
was thought advisable, that some address should be provided ex- 
planatory of the design and objects of the Institution, he was requested 
by a soit of temporary council to draw it up. Accordingly be under- 
took the task, and his address having been read at the first meetiiig, 
was afterwards printed by order of the Society, and circulated with 
the first volume of their Transactions; although for some reason it 
was not connected with the volume. Nor did his anxiety for the 
support and honour of the Society rest here ; he wrote letters to almost 
all the literary men of his acquaintance, to request their oo-operatioii 
and support; combated with great spirit in several instances, the 
opi)Osition that was made to it from others; and during the short 
remainder of his life, contributed three papers, which were printed in 
the first volume of their Transactions ^" 

Dr Clarke's address is brief, and is chiefly occupied with pointiiig 
out the advantage of having a society to gather together scientific 
observations which, if scattered through journals, might escape 
notice altogether. It concludes with the following practical sug- 
gestions : 

" Having thus set before the Society the main design and objects 
of its Institution, the Council beg to call the attention of this Meeting 
to considerations of a subordinate nature. It will be necessary to 
provide some place in which the future Meetings may be held, and 
where a repository may be found for the preservation not only of the 
archives and records of the Society, but also of such documents, books, 
and specimens of Natwral History^ as may hereafter be presented or 
purchased. The utmost economy will at present be requisite in the 
management of the Society's funds; and therefore if the consent of 
the University could be obtained it would be highly desirable that the 
expenses of printing the Society's Transactions should be defrayed by 
the University. His Royal Highness the Chancellor' has aocepted 
of the Office of Patron, and his Letter, containing the expression of his 
approbation, will be read by one of the Secretaries. The present Vice- 
Chancellor °; our High Steward^; both our Representatives in Parlia- 
ment*; and many other distinguished Members of the University, 
who are not resident, have also contributed towards the undertaking; 
and there is therefore every reason to hope that the Graduates of 
this University, who associated for the Institution of the Cambbiogb 

1 The Life and Remains of the Rev. E. D. Ctarke, LL.D. By W. Otter. 4to. 
Lond. 1824, p. 650. 

< H. B. H. the Dake of Gloucester. 

* Mr Serjeant Frere, Master of Downing College. ^ Lord Hardwicke. 

• Yisoount Palmerston, M.A. St. John's Coll., and J. H. Smyth, M JL Trin. ColL 
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Phiix>80PHIcal Society, by their assiduity and diligence in its support, 
and by their conspicuous zeal for the honour and well-being of the 
TJniveraity, will prove to other times that their Lives^ and their Studies, 
have Bot been in vain." 

At this meeting the designation of the Society was altered. 
The third Minute runs : 

''That the words <and Natural History' be added to the second 
regulation, which will then stand as follows, viz. 'That this Society 
be instituted for the purpose of promoting scientific enquiries and of 
facilitating the communication of facts connected with the advancement 
of Philosophy and Natural History.' " 

The change is slight, but not unimportant, for it determined, 
for many years, the direction of the Society's labours. Before long, 
thanks to the enthusiasm and industry of Professor Henslow and 
Mr Leonard Jenyns, it commenced the formation of a Museum, 
long the only Zoological Museum in Cambridge ; and the legitimate 
])arent of those collections which I may venture to describe as 
among the most valued possessions of the University. 

The Society was now fairly launched; the Syndics of the 
University Press undertook to publish the Transactions free of 
charge ; the number of members increased so rapidly that before 
the end of 1820 it had reached 171 ; the finances were in so 
flourishing a condition that £300 was invested in the funds*; and 
opposition gradually died away. " Among the senior members of 
the University," wrote Sedgwick to Herschel, 26 February, 1820, 
" some laugh at us ; othei*s shrug up their shoulders and think our 
whole proceedings subversive of good discipline ; a much larger 
number look on us, as they do on every other external object, with 
philosophic indifference ; and a small number are among our warm 
friendsv' 

It was further agreed at the first meeting of the Society: "that 
the High Steward of the University, and the Vice-Chancellor for 
the time being be Vice-Patrons of the Society " ; and at the second 
meeting : "that the members of the Cambridge Philosophical Society 
be designated by the name Fellows of the Cambridge Philosophical 
Society." Early in the following year Dr Clarke proposed : " that 
the Society be hereafter styled The Cambridge Philosophical and 
Literary Society." This proposal was not adopted, as I have 
always thought, most unfortunately. The name would have 
cemented a connexion between science and literature firom which 
both would have reaped considerable advantage. As time went on 
i^e Transactions of the Society would probably have had a literary 
division, as is not uncommon on the continent ; and the first object 

1 Minutes of tU Society, 21 February, 1820. 
8 Life of Rev. A. Sedgwick, Vol. i. p. 209. 
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of the Society's formation — ^the gathering together of observations 
and researches that would otherwise be scattered and lost, would 
have been promoted. 

For a few months the Society met in the lecture-room of the 
building on the east side of what was then the Botanic (harden, 
built in 1784 for the use of the Professor of Botany and the Jack- 
sonian Professor, and now used by the Professor of Pathology. The 
selection of Professor Farish as the first President doubtless deter- 
mined this place of meeting. It was, however, obvious, as Dr Clarke 
had pointed out, that the Society must have a home of its own as 
soon as possible. In April, 1820*, arrangements were made for 
securing the use of a house in Sidney Street, opposite to Jesus 
Lane. The Society entered into occupation without delay, and at 
once commenced the formation of a Museum and a Library ; for 
among the MintUes of the first meeting '' held in the new roomsi,'' 
1 May, 1820, we find : 

"The thanks of the Society voted to Mr Henslow for his libend 
donation of a valuable collection in some departments of Natural 
History ; and cabinets ordered to be procured for the reception of the 
specimens." 

And at the next meeting (15 May) : 

"The thanks of the Society voted to Dr Clarke, Dr Haviland, and 
Mr Bridge for books presented by them to the Society." 

Again, 13 November, 1820 : 

" The thanks of the Society voted to Mr Henslow for a valnable 
collection of British Insects and Shells systematically arranged in tJie 
new cabinet." 

The enthusiasm of those days of youth and hope is amusingly 
illustrated by a notice of motion handed in by Dr Clarke : " that 
communications announcing discoveries take the precedence of all 
others." This was agreed to, in a slightly different form, 13 
November, 1820. 

The Society was barely two years old when a project wbs 
started for giving it a social as well as a scientific side, by establish- 
ing a reading-room, amply stocked with newspapers, reviews, and 
magazines, both English and foreign, as well as with scientific 
journals. A meeting to carry out this scheme was held 22 May, 
1821 ; and so warmly was it taken up that before the end of the 
year it was agreed that: "the establishment and funds of the 
Reading-room shall be considered as under the control of the 
Society." A committee consisting of the Treasurer (Mr Bridge), 

^ Minutes of tJte Society, 17 April, 1820. 
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Mr Carrighan (Job.), Mr Griffith (Emm.), Mr Peacock (Trin.), Mr 
Crawley (Magd.), Mr Whewell (Trin.), Mr Henslow (Joh.), was 
appointed to draw up the following regulations for the manage- 
ment of it, which the Society adopted, 25 March, 1822. 



Rules and Regulations of the Eeabino Room. 

1. Any Fellow of the Society elected before the 1st of January, 1822, 

may become a member of the Reading-room by writing his name 
in the book for that purpose and paying the subscription of the 
current year. 

2. Every Fellow of the Society elected after the 1st January, 1822, is 
a member of the Reading-room during residence. 

3. Every Fellow of the Society after becoming a member of the 
Reading-room continues so during residence. 

4. Every member of the Reading-room shall pay an annual subscrip- 
tion of one guinea to the Society, the subscription to be due on 
the 1st January for the current year, or he may become a member 
for life by paying ten guineas for the use of the Reading-room in 
any one year. 

5. The following publications shall be taken in\ 

6. Every alteration proposed in the list of publications taken in, shall 
be signed by at least three members of the Reading-room, read 
at a meeting of the Society, and suspended in the Room for a 
fortnight during full Term, for any member to signify his assent 
or dissent. If the majority in its favour amount to one-third of 
the signatures and the Council determine that the funds will 
permit, the alteration shall take place. 

7. No Newspaper shall be taken out of the room, and no periodical 

publication shall be removed, before a succeeding number has 
appeared 

8. Any member, upon taking out a book, shall give to the servant 

of the house, a paper, with the title of the book, signed and dated 
by himself. 

9. Any member violating this rule shall pay a fine of 10^. 

10. Every publication taken out to be returned in a fortnight under a 
penalty of 2«. 6c^. 

11. Any member having lost or damaged a book or paper shall replace 
it by a fresh copy of the same. 

1 A space of nearly a full page is left in the Minute Book for the list of 
publications, but it lias never been written in. 
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12. The Reading-room shall be open every day from 8 o'clock in the 

morning to 10 at night 

13. Strangers may be introduced by a member, but no person resident 
in Cambridge can be introduced to the room. 

14. Non-resident Fellows of the Society when visiting Oambridge 
shall be entitled to the use of the Beading-room. 

15. A Steward* shall be appointed at the Annual Meeting of the 

Society and considered as a member of the CoundL 

16. The office of the Steward shall be : to procure and take care of the 

books, to see that the papers are filed, and the room properly 
prepared for the reception of the members : to collect the bills and 
to sign them before they are paid by the Treasurer. 

Tt should be remembered that in those days Combination 
Rooms were ill-supplied with newspapers, and the few that 
were taken in were generally in the hands of the Senicv 
Fellows. Moreover, in some colleges at least, the juniors were not 
allowed to use the Combination Room at all, except on Feast Days. 
The opportunity therefore, of having access at all times to a well- 
stocked reading-room was eagerly embraced, and formed, with 
many persons, one of the principal inducements to join the Philo- 
sophical Society. 

At the beginning of 1832 it became known that the Society 
would be deprived of the occupation of their house at Midsummer, 
1833 ; nor could another, equally suitable, be either hired or pur- 
chased. Under these circumstances it was decided (7 April, 1832), 
mainly through the influeoce of Mr Peacock, to apply to St John's 
College for the lease of a site at the comer of All Saints' Passage, 
on which the Society might erect " a house of their own, built 
expressly to suit the objects of the institution." As a preliminary 
to what the Minutes rightly call " this considerable undertaking,'' 
it was decided to obtain a Charter of Incorporation. The Fellows 
of the Society were evidently warmly in favour of these proposals. 
A sum of three hundred pounds was subscribed in less than a 
month to defray the cost of the Charter ; and at a special general 
meeting held 5 May, 1832, the Council was directed (1) to pre- 
pare a petition for a charter ; (2) to apply to St John's College for 
a building-lease ; (3) " to apply to Mr Humfrey* for working-plans, 
and complete estimates for the New House for the Society, the 

1 The Hev. W. Whewell was Steward of the Beading-room from 1822 to 1826, 
when he was succeeded by the Bey. Job. Lodge, University Librarian. He held 
the office till 1832, when it was discontinued, and a third Secretary was appointed, 
with the understanding that he should have charge of the Beading-room. 

3 A local builder, who obtained the confidence of the University at this period. 
He erected the buildings for Human Anatomy. ArchiteeturcU History, WilliB and 
Clark, Vol. m. p. 166. 
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same to be submitted hereafter to a general meeting of the Society 
for its approved." Lastly, it was resolved : " that the money re- 
quisite for building the Society's house be raised among the 
members of the Society by shares of £50 each, bearing interest at 
the rate of four per cent per annum/' So eager was the Society 
to begin, that it was decided not to wait for the Charter; the 
plans were approved somewhat hastily, and at a special meeting 
held 16 May, 1832, the architect was airected to invite tenders. 

Early in the Michaelmas Term of 1832 the Charter arrived. 
Professor Sedgwick happened to be President, and, in order to avoid 
additional expense in fees^ it had been agreed that his name alone 
should appear upon the document. It therefore begins; "Whereas 
Adam Sedgwick, Clerk, Master of Arts [etc], has by his petition 
humbly represented unto Us, That he, together with others of our 
loyal subjects, Graduates of the said University, did in the year 
One thousand, eight hundred, and nineteen, form themselves into a 
Society," and so forth. No man had a better right to occupy so 
prominent a position ; and it will be readily understood what 
pleasure he himself derived from seeing it there. He was never 
tired of telling the story of the Charter, when, as he put it, "I was 
the Society." 

A special meeting was summoned, 6 November, 1832, to 
accept the Charter. Sedgwick read it, together with an abstract 
of it — and it is almost needless to record that it was accepted 
unanimously. The Council was then directed to prepare a body 
of Bye Laws — the code by which, with only a few slight alterations, 
we are still governed. 

It was on the occasion of the reception of the Charter that the 
first of those dinners was held which have now become an annual 
institution. It seems to me that Sedgwick and the Council of that 
year wished that November 6, 1832, should be kept as the birth- 
day of the Society — to commemorate the fact that on that day it 
had assumed a corporate existence. I need not remind you that 
such a decision involves a sacrifice of twelve years of the Society's 
life ; but, on the other hand, it commemorates an important event 
in its history — for I believe I am right in sajdng that it was the 
first Society out of London to which a Royal Charter was conceded. 

The new house was ready for the occupation of the Society in 
the autumn of 1833. The situation was convenient, and it was 
itself spacious and well-arranged, with a large meeting-room, 
museum, and reading-room. The change inaugurated an era of 
prosperity which lasted for several years. The meetings were 
well-attended — indeed the Monday evenings on which the Society 
met were held, by common consent, to be pre-occupied, and no 
rival attractions were allowed to interfere with them; — The 

1 The fees amounted to £271. Minutes, 6 November, 1832. 
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museum grew apace, under the fostering care of Professor Henalow 
and his friends ; and the reading-room became more popular than 
ever — a sort of club in fact — ^where many members of the ITni- 
versity passed several hours of each day, reading and writing or 
conversing with their friends. 

I will next quote an excellent account of the Society's Moseum, 
contributed by Mr Leonard Jenyns, in 1838, to Hie Cambridge 
Portfolio. 

The Cambridge Philosophical Society has been employed from tfae 
period of its first establishment in 1819, in gradually fonning a 
Museum of Natural History. With a view to this end, it has from 
time to time effected several purchases, as well as received the ccm- 
tributions of various donors. The Museum however is not large; 
partly owing to the limited funds which can be appropriated to its 
support, and partly to the necessarily restricted space allotted for its 
reception in the Society's house. It is principally, though not exda- 
sively, devoted to the illustration of the British Fauna The foundation 
of the Museum may be attributed to Professor Henslow, who presented 
to the Society at its first institution his entire collection of British 
Insects and Shells, arranged respectively in two cabineta SeTeral 
smaller donations quickly followed, leading the Society to take an 
increased interest in this part of its establishment In 1828, a spirited 
subscription was commenced amongst its memben to assist in par- 
chasing a most valuable collection of British Birds, for obtaining 
which an opportunity then offered itself. This collection had belonged 
formerly to Mr John Morgan of London. It was extremely li^ 
especially in the rarer species. Many additions however have been 
since made to it; and the whole forms now a range of thirty large 
cases, which are placed round the principal room in the Museum. The 
birds are beautifully preserved ; and the cases of sufficient size to admits 
in many instances, of containing entire families. One of the cases 
contains British Quadrupeds. In 1829, the Society purchased a small 
collection of British Insects which was incorporated with that pre- 
viously presented by Professor Henslow. This collection, which con- 
sisted of about 2000 species, was valuable from the specimens having 
been arranged and named by Mr Stephens, the celebrated Entomologist 
of London. Various additions in the same department have been 
since made from time to time by different contributors. In 1833, the 
Society purchased Mr Stephen's entire collection of British Shells, 
contained in two cabinets and comprising a most extensive series ol 
species as well as of individuals of each. The Museum has been 
further enriched, in the department of the British Fauna, by a collec- 
tion of Birds' Eggs, presented in part by Mr Yarrell and in part by 
Mr Leadbeater; — also by a collection of Fish, obtained princif^y on 
the southern shores of the island by Professor Henslow and the 
Rev. L. Jenyns; — ^and by a small collection of marine Invertebraia^ 
obtained at Weymouth by the former of the two gentlemen last 
mentioned. 
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The foreign department of the Museum is not extensive, consisting 
for* the most part of single specimens which have been presented at 
di£Eerent times by difSdrent individuals. It contains, however, a small 
collection of reptiles presented bj Mr Thomas Bell. It is also rich in 
Iclithyological specimens ; having been presented some years back with 
& collection of fish made at Madeira by the Rev. R. T. Lowe ; subse- 
quently, with another collection made in China by the Rev. G. Vachell ; 
&od yet more recently, with the entire collection of Fish brought 
liome from South America and some other portions of the globe by 
O. Darwin, Esq., of Christ's College, and accompanying Naturalist in 
tike late voyage of the Beagle, under the command of Captain Fitzroy. 
Xhe whole of the fish above alluded to, as well as those belonging to the 
Critish collection, are preserved in spirits. They amount to several 
liiindred species ; and many of those comprised in the Darwin collection 
entirely new. Altogether, they constitute a highly valuable as well 
interesting portion of the Society's Museum. 
Independently of the collections above enumerated, the Philosophical 
Society has made it an object to establish a separate collection, of the 
principal animals fouud in Cambridgeshire. This is a step of the utility 
of which there can be no doubt. Local collections of this nature tend 
to illustrate the Faunas of particular districts ; and local Faunas offer 
the best materials for completing our knowledge of the Zoology of the 
-whole kingdom. They also throw light upon the geographical distribu- 
tion of animals. In proportion to the number of places in which such 
collections are established, they assist in determining the extreme range 
of the different species, as well as the districts to which they are ordi- 
narily confined. In this department, however, the Birds of Cambridge- 
shire and a few of its Mammalia are alone as yet fitted up for public 
inspection ; but considerable collections have been made in the other 
classes, which are destined one day to take their place in the Museum 
also. 

The Museum of the Society, and that part of it in particular which 
has been just alluded to, has been probably instrumental in exciting 
much interest in the University in the science of Zoology, and diffusing 
amongst its members a taste for such pursuits. Nor is the surrounding 
neighbourhood at all un&vourable for the researches of the naturalist 
On the contrary, Cambridgeshii^e may be considered as rich in animal 
productions. From combining within itself a considerable variety of 
soil and situation, it adapts itself to the habits of very different species. 
The fens in particular are inhabited by many rare aquatic birds and 
insects; and some of these, previous to the introduction of the present 
system of drainage, were in considerable abundance. It may perhaps 
be intei-esting to mention, that the entire number of vertebrate animals 
found in Cambridgeshire amount to 281. Of these 38 belong to the 
class MammaUa ; 204 to that of Birds ; 9 to that of Reptiles ; and 32 
to that of Fish. The invertebrate animals require further investigation ; 
but they probably exceed 9,000, of which the greater portion belong to 
the division of Annulosa. 

The Society has a small collection of minerals and fossils ; but there 
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being other Museums in the TJniYersity devoted to these departments, 
they have received less of its attention than the Zoological part of the 
Museum above noticed. There are also a few antiquities^ some of 
which were obtained in the county. 

The Society's house had been built, to a great extent, with 
borrowed money, as I have related, and it had cost a far larger sum 
than had been anticipated. It was possible to pay the interest on 
the loans, but the Society found itself unable to establish a sinldng- 
fund for the repayment of the capital. Moreover, the number of 
Fellows gradually decreased. At one time it was usual for nearly 
every Fellow of a College to become a Fellow of the Philosophiad 
Society ; but. when the novelty of the existence of such a body 
in Cambridge had worn off, and when the reading-room bad 
several rivals, not to mention the reduction of the price of news- 
papers, which enabled them to be taken in at home — there seemed 
to be no special reason for joining a Society where the papers read 
were chiefly mathematical, and which offered no other attractions 
not to be found elsewhere. The oflScers of the Society did their 
best in these adverse days ; and some of those who had lent money 
cancelled their bonds — as for instance Professor Peacock, Professor 
Sedgwick, Professor Adams, and Professor Babington; but the 
financial difficulty could not be overcome. Finally, in 1865, the 
Museum was offered to, and accepted by, the University*; the 
house was sold; and the Society found a home at the New 
Museums^ 

In this brief review I have of necessity omitted much that 
I should have been glad to record, had I not determined to write 
a sketch and not a nistory. I cannot, however, conclude without 
drawing attention to our publications. No one, I think, can look 
through the volumes of Transactions and Proceedings without 
admitting that the papers therein printed or abstracted will hold 
their own in originality and value against those of almoRt any 
society. The Proceedings, as you are aware, do not begin before 
1843. I have therefore appended to this paper brief notices of 
the communications made before that date, as recorded in the 
Minute Book. These will, I feel sure, be found interesting. They 
show what some of the best men in the place were working at; 
and they testify to the genuine interest taken by them in the 
Society. Whatever they did, they hastened to communicate it, 
though, to our great loss, they too often neglected to prepare their 
work for our Transactions. I have also prepared a list of the 
Presidents, Secretaries, and Treasurers, from the beginning to the 
present time. 

1 Grace, 24 May, 1865. > Grace, 8 Jane, 1865. 
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OFFICERS OF THE SOCIETY. 
Presidents. 

)ate of Election. 

6 Nov. 1819. Rev. Will. Farish, M.A. Magd., Jackaonian Professor, 

2 May, 1821. Kev. Ja. Wood, D.D., Master ofS. John's College, 

3 May, 1823. John Haviland, M.D. Job., Regius Professor of Physic, 

7 May, 1825. Rev. Ja. Cumming, M.A. Trin., Professor of Chemistry, 
12 May, 1827. Rev. Job. Kaye, D.D., Master of Christ's CoU, and Bp, 

of Lincoln, 
9 May, 1829. Rev. Tho. Turton, D.D. Cath., Regius Professor of 

Divinity, 
.7 May, 1831. Rev. Adam Sedgwick, M.A. Trin., Woodwardian Pro- 
fessor, 
6 Nov. 1833. Rev. Joshua King, M.A. Qu., President of Qusena^ 

College, 
6 Nov. 1835. Rev. Will. Clark, M.D. Trio., Professor of Anatomy, 
6 Nov. 1837. Rev. Joh. Graham, D.D. Chr., Master of Christ's 

College, 
6 Nov. 1839. Rev. Will. Hodgson, D.D. Pet, Master of Peterhouse. 
6 Nov. 1841. Rev. Geo. Peacock, D.D. Trin., Lowndean Professor, 
6 Nov. 1843. Rev. Will. Whewell, D.D. Trin., Master of Trinity 

College, 
6 Nov. 1845. Rev. Ja. Challis, M.A. Trin., Plumian Professor, 
6 Nov. 1847. Rev. Hen. Philpott, D.D. Cath., Master ofS, Catharine's 

CoU, 
6 Nov. 1849. Rev. Rob. Willis, M.A. Gonv. and Cai. Coll., Jack- 

sonian Professor, 

6 Nov. 1851. Will Hopkins, M.A. Pet. 

7 Nov. 1853. Rev. Adam Sedgwick, M.A. Trin., Woodwardian Pro- 

fessor^ 
6 Nov. 1855. Geo. Edw. Paget, M.D. Gonv. and Cai. Coll. 
26 Oct 1857. Will Hallows MiUer, M.D. Job., Professor of Mine- 
ralogy, 
31 Oct. 1859. Geo. Gabriel Stokes, M.A. Pemb., Lticasian Professor, 
28 Oct 1861. Joh. Couch Adams, M.A. Pemb., Loumdean Professor, 

26 Oct 1863. Will. Hepworth Thompson, M.A. Trin., Regius Pro- 

fessor of Greek, 

30Oot 1865. Rev. Hen. Wilkinson Cookson, D.D. Pet., Master of 

Peterhouse. 

28 Oct 1867. Rev. Will. Selwyn, D.D. Joh., Lady Margaret's Pro- 
fessor, 

25 Oct 1869. Art. Cayley, M.A. Trin;, Sa^dlerian Professor, 

30 Oct 1871. Geo. Murray Humphry, M.D. Down., Professor of 

Anatomy, 

27 Oct 1873. Ch. Cardale Babington, M.A. Job., Professor of 

Botany, 
25 Oct 1875. Ja. Clerk Maxwell, M.A. Trin., Profpssor of Experi- 
mental Physics. 

b 
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Bate of Eleetion. 

29 Oct 1877. Geo. Downing liveing, M.A. Job., Professor qfOt- 

mistry. 
27 Oct. 1879. Alf. Newton, M.A. Magd., Professor of Zociog^f ssi 

Comparative Anatomy. 
31 Oct 1881. Fra. Maitland Balfour, M.A. Trin. 

30 Oct 1882. Ja. Whitbread Lee GUisher, M.A. Trin. 

27 Oct 1884. Mich. Foster, M.A- Trin., Professor of Physiology 
26 Oct 1886. Rev. Coutts Trotter, M.A. Trin. 
30 Jan. 1888. Job. Willis Clark, M.A. Trin. 

Secretaries. 

15 Nov. 1819. Rev. Adam Sedgwick, M.A. Trin., Professor of G^ologjf^ 

Rev. Sam. Lee, MA. Qa., Professor of Arabic. 
22 May, 1821. Rev. Geo. Peacock, M.A. Trin. 

Job. Stevens Henslow, M.A. Job. 
9 May, 1826. Rev. Job. Stevens Henslow, M.A. Job., Pn^essor ^ 

Mineralogy and Botany. 
Rev. Will. Wbewell, M.A. Trin. 

6 Nov. 1833. Rev. Job. Stevens Henslow, M.A. Job., Profenor sf 

Botany. 
Rev. Will. WbeweU, M.A. Trin. 
Rev. Job. Lodge, M.A. Magd., University Librarian. 

7 Nov. 1836. Rev. Job. Stevens Henslow, M.A. Job., Professor ^ 

Botway. 
Rev. Will. WbeweU, M.A- Trin. 
Rev. R. Willis, M.A. Gonv. and GaL 

6 Nov. 1839. Rev. WUl. Wbewell, M.A. Trin. 

Rev. R Willis, M.A. Gonv. and GaL, Jaekssmi/sti 

Professor. 
Will Hopkins, M.A. Pet 

7 Nov. 1842. Rev. R. Willis, M.A. Gonv. and GaL, Jackmmim 

Professor. 
Will. Hopkins, M.A. Pet 

Will. Hallows Miller, M.D. Job., Professor of Mins- 
ralogy. 
6 Nov. 1851. Will. Hallows Miller, M.D. Job., Professor of Mim- 

ralogy. 
Cb. CardaJe Babington, M.A. Job. 
Geo. Gabriel Stokes, M.A. Pemb., Lucasian Prt^e 
6 Nov. 1854. Oh. Cardale Babington, M.A. Job. 

Job. Coucb Adams, M.A. Pemb. 
Rev. Cb. Fre. Mackenzie, M.A. Gonv. and GaL 
6 Nov. 1855. Cb. Cardale Babington, M.A. Job. 

Job. Coucb Adams, M.A. Pemb. 
Geo. Downing Liveing, M.A. Job. 
25 Oct. 1858. Cb. Cardale Babington, M.A. Job. 

Geo. Downing Liveing, M.A. Job. 
Norman Macleod Ferrers, M.A. Gonv. and CaL 
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Date of Election. 

29 Oct. 1866. Ch. Cardale Babington, M.A. Joh., Professor of 

Botany. 
Geo. Downing liveing, M.A. Joh., Professor of Che- 
mistry. 
Rev. T. G. Bonney, M.A. Joh. 
31 Oct. 1870. Rev. T. G. Bonney, M.A. Joh. 

Joh. Willis Clark, M.A. Trin. 
Rev. Coutts Trotter, M.A. Trio. 

27 Oct. 1873. Joh. Willis Clark, M.A. Trin. 

Rev. Coutts Trotter, M.A. Trin. 

Rev. Joh. Batteridge Pearson, B.D. Emm. 

28 Oct. 1878. Joh. Willis Clark, M.A. Trin. 

Rev. Coutts Trotter, M.A. Trin. 
Ja. Whi thread Lee Glaisher, M.A. Trin. 
30 Nov. 1882. Joh. Willis Clark, M.A. Trin. 

Rev. Coutts Trotter, M.A. Trin. 
Will. Mitchinson Hicks, M.A. Joh. 

29 Oct. 1883. Rev. Coutts Trotter, M.A. Trin. 

Ri. Tetley Glazebrook, M.A. Trin. 

Sydney Howard Vines, M.A. Chr. 
26 Oct 1886. Ri Tetiey Glazebrook, M.A. Trin. 

Sydney Howard Vines, M.A. Chr. 

Jos. lArmor, M.A. Joh. 
31 Oct^ 1887. Sydney Howard Vines, M.A. Chr. 

Jos. lArmor, M.A. Joh. 

Matth. Moncrieff Pattison-Muir, M.A. Gonv. and Cai. 
29 Oct. 1888. Jos. Larmor, M.A. Joh. 

Matth. Moncrieff Pattison-Muir, M.A. Gonv. and Cai. 

Sidney Fre. Harmer, M.A. King's. 
28 Oct. 1889. Jos. Larmor, M.A. Joh. 

Sidney Fre. Harmer, M.A. King's. 

Andr. Russell Forsyth, M.A. Trin. 

Treasurers. 

15 Nov. 1819. Rev. Bewick Bridge, B.D. Pet. 

17 May, 1825. Fre. Thackeray, M.D. Emm. 

6 Nov. 1834. Rev. Geo. Peacock, M.A. Trin. 

6 Nov. 1839. Geo. Edw. Paget, M.D. Gonv. and Cai. 

7 Nov. 1853. Rev. Tho. Hedley, M.A. Trin. 

26 Oct 1857. Rev. Will. Magan Campion, M.A. Qu. 

23 Oct 1876. Ja. Whitbread Lee Glaisher, M.A. Trin. 

28 Oct 1878. Rev. Joh. Batteridge Pearson, D.D. Emm. 

29 Oct 1883. Joh. Willis Clark, M.A. Trin. 

31 Oct. 1887. Ri. Tetley Glazebrook, M.A. Trin. 
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COMMUNICATIONS MADE TO THE SOCIETY. 

February 20, 18201. 

67 Professor Parish (President) : On Isometrical Perspective. 

By Prof. E. D. Clarke : On the discovery of Cadmium in some of the En^idi 

ores of zinc; with some directions respecting the mode of operating. 
By Captain Fairfax (presented by Mr Okes) : On Soundings at Sea. 

March 6, 1820. 

By Joh. Hailstone, M. A. (Trin.) : On the probable origin of a fossil body foond 

on the coast of Scarborough. 
By Professor Parish (President): On Isometrical Perspective (oondnded}. 

TrauB. I. 1—19. 
By Joh. Fre. Will. Herschel, M.A. (JoL) : On functional equations. TVow. L 

77—87. 
By Mr Okes: On some fossil remains of the Beaver, found near Chattens. 

Tram, i. 175—177. 

March 20, 1820. 

By Professor Sedgwick : On the Geology of Cornwall, etc. 
By Mr Thompson (Joh.) : A translation from G^emmellaro's account of the 
last great eruption of Etna, in 1819. (Presented by Dr K D. Clarke.) 

April 17, 1820. 

A letter from the Rev. J. Davis to the Rev. Dr Wood, detailing certain 
optical phenomena observed at Hilkhampton in Cornwall on Wednesdaf , 
April 5th, 1820, was read to the Society. 

By Joh. Fre. Will. Herschel, M.A. (Joh.) : On the rotation impressed bj 
plates of rock crystal on the planes of polarization of the ra vs of light as 
connected with certain peculiarities in its crystallization. Trans. L 43— 
52. 

By Will Whewell, M.A. (Trin.) : On the position of the apsides of orbits of 
great eccentricity. Trans, i. 179 — 191. 

May 1, 1820. 

By Professor Parish (President) : On the mode of conducting Polar navigatioo. 
By Joh. Pre. Will. Herschel, M.A. ^Joh.) : On certain remarkable instances d 

deviation from Newton's scale m the tints developed by crystals with as 

axis of double refraction on exposure to polarized light. Trans. L 21— 

41. 
By Ch. Babbage, M.A. (Trin) : On the Calculus of Functions. TVans, l 63— 

76. 

May 15, 1820. 

By Mr Emmett : Researches into the mathematical principles of chemical 
philosophy. 

By Prof. £. D. Clarke : On the chemical constituents of the purple precipitate 
of Cassius. Trans, i. 53 — 61. 

By Professor Sedgwick: On the physical structure of Cornwall, etc. (con- 
tinued from 23 March). Trans, i. 89—146. 

1 The Minute Book says : •• Monday, February 21, 1820 "; but in 1820 Febraaiy 
21 fell on a Tuesday. 
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By Sam. Hunter Chrifltie, M.A. (Trin.): On the laws according to which 
massee of iron influence magnetic needles. Trans, i. 147 — 173. 

A letter from the Rev. J. Davis to the Rev. Dr Wood, containing some 
further details respecting certain optical phenomena mentioned in the 
Minutes of the Society's Meeting on the 17th of ApriL 

November 13, 1820. 

By Profl £. D. Clarke : On a method of giving to common Paris Plaster casts 

the appearance of polished Rosso Antico. 
By Professor Lee : On certain astronomical tables by Mohammed al Farsi, a 

MS. copy of which exists in the University Library. Trans, L 249 — 265. 

Novevnher 27, 1820. 

By Prof. E. D. Clarke: On the discovery of native natron in Devonshire. 

Trans, I. 193—201. 
By the same: Notice respecting the sarcophagus brought from Egypt by 

Mr Belzoni. 
By WilL Cecil, M.A. (Magd.) : On the application of hydrogen gas to produce 

a moving force in machinery, with the description of an engine where the 

moving force is produced on that principle. Trans, i. 217 — 239. 

December 11, 1820. 

A commimication from Dr Wavell (Hon. Member), with some observations 
by Dr E. D. Clarke on the decomposition of a quartzose rock, and on the 
formation of natron. 

By Professor Haviland, Vice-President: On some unusual appearances pre- 
sented by the stomach of a man who died of a fever. Trans, i. 287 — 
290. 

By Professor Lee : A demonstration of the properties of parallel lines, by 
Nasir el Din, translated from the Arabic. 

March 5, 1821. 

** Communications from Professor Leslie and Dr Wavell read by Dr E. D. 

Clarke." 
By Fra. Lunn, B.A. (Joh.) : On the analysis of a native phosphate of copper. 

Trans. I. 203—207. 
By Prof. E. D. Clarke: On the crystallization of water. Trans, i. 209—215. 

March 19, 1821. 

A communication (read by Professor Sedgwick) from Mr Ross respecting 

some minerals found at Buralston. 
By Pro£ £. D. Clarke : On Arragonite. 

April 2, 1821. 

By Joh. Leslie, Professor of Mathematics in the University of Edinburgh 

(Hon. Member): On the effect of hydrogen gas on the propagation of 

sound. (Read by Professor Lee.) Trans, i. 267. 
By Professor Cumming : Exhibition of experiments and communication read 

on the effects of the galvanic fluid on the magnetic needle. Trans, i. 

269—279. 
By Professor Sedgwick : On the geology of the Lizard district. 



xxii Address of Mr J. W, Clark, President, 

May 7, 1821. 

By Joh. Fre. Will. Herschel, M.A. (Job.) : On the refraction of Apophjilite. 

Trans, i. 241—247. 
By Professor Sedgwick : On the geology of the Lizard (concluded). TVoiu. L 

291—330. 

J/izy 21, 1821. 

By Professor Gumming : On the connexion between galvanimn and magnetism. 

Tram. i. 281—286. 
By WilL Cedl, M. A. (Magd.) : On the application of regulators to machinery. 

November 12, 1821. 

The following communication from Dr Brewster was read by Plx>f. K D. 
Clarke : 

^ I have exainined with great care a specimen of Leelite, and I find it 
to be an irregularly crystallized body, like Homstone, Flint, and having a 
sort of quaquaversus structure, or one in which the axes of the elementaiy 
particles are in every possible direction, instead of being parallel, as tiiey 
must be in all regular crystals. The alumina which Leelite contains giv» it 
quite a different action upon light from any of the analogous ailioeoixs sab- 
stances ; and I have thus obtained an unerring optical character by which 
Leelite may be distinguished from them with the greatest facility. 

In examining the different kinds of topazes, 1 have found that the coloor- 
less topazes, ana the blue topazes of Aberdeenshire, differ not merely from the 
yellow Brazil topazes, but also from one another." 

Signed, D. Brbwstkb. 
By Mr Okes : On a peculiar case of an enlargement of the ureters in a boy of 
eleven years of age. Trans, i. 351 — 358. 

November 26, 1821. 

By Fre. Thackeray, M.D. (Emm.) : On a remarkable instance of oi^ganic 

remains found on the turnpike road between Streatham and Wilburton 

in the Isle of Ely. Trans. L 459. 
By Will. Mandell, B.D. (Qu^ : On an improvement in the common mode of 

procuring potassium. Trans. I. 343 — 345. 
By Will. Whewell, M.A. (Trin.) : On the crystallization of fluor spar. Trans. 

I. 331—342. 
By Joh. Stevens Henslow, M.A. (Joh.) : On the geology of the Isle of 

Anglesea. 

December 10, 1821. 

By Professor Gumming : On a remarkable human calculus in the possesaioii 

of the Society of Trinity College. Trans, i. 347—349. 
By Joh. Stevens Henslow, M.A (Joh.) : On the geology of the Isle of 

Anglesea (continued). 
By Ch. Babbaee, M.A. (Pet.) : On the use of signs in mathematical reasoning. 

(Read by Mr Peacock.) Trans, ii. 325—377. 

February 25, 1822. 

By Joh. Hailstone, M.A, late Fellow of Trin. ColL, and Woodwardian Pro- 
fessor: Some observations on the weather, accompanied by an extra- 
ordinary depression of the barometer, during the month of December, 
1821. (Read by the Secretary.) Trans, i. 453—458. 
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Bj Joh. SteyeDB Henslow, M. A. (Job.) : On the geology of the Isle of Anglesea 
(concluded). Tratu, i. 369—452. 

March 11, 1822. 

The President proposed that, in consequence of the death of the Vice- 
President of the Society, Prof. £. D. Clarke, the meeting should he adjourned 
without proceeding to the r^ular business of the evening. This proposition 
was agreed to unanimously, and the Society adjourned immediately. 

March 25, 1822. 

By Will. Mandell, B.D. (Qu.) : A description of a new self-regulating lamp. 

By Mr H. B. Leeson : A description of a safety apparatus to the hydrostatic 
blowpipe of Tofts, by which it may be converted into an oxyhydrogen 
blowpipe without danger to the operator. (Read by Mr Peacock.) A 
model of the safety apparatus, and of the blowpipe, was exhibited to the 
Society and explainea by Mr Leeson. 

By Geo. Biddell Airy, student of Trinity College : On the alteration of the 
focal length of a telescope by a variation of the velocity of light and of 
the observations to which the change may give rise. (Read by Mr 
Peacock.) 

AprU 22, 1822. 

By David Brewster, LL.D., Honorary Member of this Society : On the differ- 
ence of optical structure between the Brazilian topazes and those of 
Scotland and New Holland. Trans, ii. 1 — 9. 

May 6, 1822. 

By Will. Whewell, M.A. (Trin.) : On the rotation of bodies. Trans, ii. 11— 

20. 
By Day. Brewster (Hon. Member): On the distribution of the colouring 

matter, and on certain peculiarities in the structure and optical properties 

of the Brazilian topaz. Trans, ii. 1 — 9. 

May 21, 1822. 

By Professor Sedgwick : On the basaltic dykes in the county of Durham, and 
the great basaltic formation in Teesdala Trans, ii. 21 — 44. 

November 11, 1822. 

By Will. Whewell, M.A. (Trin.) : On the oscillations of a chain suspended 

vertically, and on the oscillations of a weight drawn up uniformly by a 

string. 
By Fra. Qybbon Spilsbury : On a peculiar relation existing between gravity 

and the production of magnetism in galvanic combinations. (Read by 

Mr Henslow.) Traris, n. 77—83. 

November 25, 1822. 

By Geo. Biddell Aiiy, Scholar of Trin. Coll. : On the construction of achro- 
matic reflecting telescopes with silvered lenses in the place of metallic 
mirrors. Reaa by Mr Peacock. Trans, n. 105 — 118. 

December 9, 1822. 

By Will. Cecil, M.A. (Magd.) : On an apparatus for grinding telescopic mirrors 
and object-lenses. Trans, ii. 85 — 103. 
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February 17, 1823. 
No papers recorded. 

March 3, 1823. 
No papers recorded. 

March 17, 1823. 
No papers recorded. 

April 14, 1823. 

By Will- Whewell, M.A. (Trin.) : On the difierent methods which have been 
proposed to grind lenses and mirrors by machinery to a parabolic form. 

By Joshua King, M.A. (Qu.) : A new demonstration of the parallelogruzi d 
forces. Trans, ii. 45 — 46. 

By Geo. Peacock, M. A. (Trin.) : On the analytical disooyenes of Newton and 
his contemporaries. 

April 28, 1823. 

By Professor Gumming : On the development of electro-magnetism by heat 
Tram, ii. 47—76. 

May 12, 1823. 

By Geo. Peacock, M.A. (Trin.) : On the irr^ular indications of the thenito- 
meter. 

November 10, 1823. 

By Professor Gumming: On rotation produced by electro-magDeiiam as 

developed by heat. 

A letter was read by Mr Peacock from WilL Job. Bankes, M.P., (Hi the 
subject of the manuscript on papyrus of the lost book of the Iliad, recently 
discovered by one of his agents in the island of Elephantina in Upper i^ypt, 
accompanied by a facsimile made by Mr Salt of the ten fiiBt Does of 1^ 
manuscript. 
By Geo. Biddell Airy, B. A. (Trin.) : Explanation of an instrument exhibited to 

the Society, for the purpose of proving by experiment the constancy of 

the ratio of the sines of incidence and refraction in liquids. (Reid 

by Mr Peacock.) 
By Job. Murray, F.S. A. : Some remarks on the temperature of the egg as 

connected with its physiology. (Read by Mr Peacock.) 
By the same : Experiments and observations on the temperatiure developed is 

voltaic action, and its unequal distribution. (Read by Mr Peacock.) 

November 24, 1823. 

By Will. Whewell, M.A. (Trin.): On the expressions for the cosine of the 
ansle between two lines and two planes when referred to oblique co- 
ordinates. Traits. II. 197—202. 

By Olinthus Gregorv, LL.D. : An account of some experiments made in order 
to ascertain the velocity with which sound is transmitted in the 
atmosphere.. (Read by Mr Peacock.) Trans, ii. 119 — 137. 

December 8, 1823. 

By Professor Gumming : Exhibition of Dobereiser's experiments of the coih 

tortion of platina wire by a stream of hydrogen gas. 
By Will. Gecil, M.A. (Magd.) : Exhibition of a m(^el of an improved esr- 

tnimpet. 
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Bj Geo. Peacock, M.A. (Trin.) : On the analytical discoveries of Sir I. Newton. 
(Concluded.) Mr reaoock read three unedited letters of Newton to Dr 
Keill on the subject of the controversy on the discovery of the method of 
fluxions. 

March 1, 1824. 

By Mr Okes : Notice of a magnificent collection of fossil bones, found near 

Barnwell, of the Elephant, Rhinoceros, Buffalo, Deer, Hors& 
By Will Mandell, M.A. (Qu.) : A letter of Sir Isaac Newton to Mr Acland 
of Geneva was read. The following is a copy of the letter. 
Vir celeberrime, 

Gratias tibi debeo quam mazimas quod schema ezperimenti quo lux in 
oolores primitives et immutabiles separatur, emendasti, et longe elegantius 
reddidisti quam prius. Sed et me plurimum obligasti quoa schema in 
Camin& seneft incisum et inter imprimendum obtritum refici curasti, ut 
impressio libri elegantior redderetur. Gratias igitur reddo tibi quam 
amplissimos. Quod inventa mea de natura lucis et colorum viris summis 
Domino Cardinali Polignac et Domino Abbati Bignon ]\on displiceant, vald6 
^udeo. Utinam hsec vestratibus non minus placerent, quam elegantissimsQ 
vestne et perfectissimsB delineatsB pictures nostratibus placuerunt. Ut Deus 
te liberet a doloribus capitis et salvum conservet ardentissime precatur 

Servus tuus humillimus et obeequentissimus 

Dabam Londini Isaacus Newton. 

22 Oct. 1722. 
Celeberrimo viro D"*. Acland. 

By Professor Sedgwick : On the geology of Teesdale. 

March 15, 1824. 

By Will. Mandell, M.A. (Qu.) : Description of a self-regulating lamp. 

By Geo. Biddell Airy, B.A. (Trin.): On the figure of the planet Saturn. 

Trans, n. 203—216. 
By Professor Sedgwick : On the geology of Teesdale (continued). 

March 29, 1824. 

By Will. Mandell, M.A. (Qu.): On a means of protecting locks from the 

insertion of skeleton keys. 
By G. Harvey, F.R.S.E., M.G.S.V. : On the fogs of the Polar seas. 
By Professor Sedgwick : On the geology of Teesdale (concluded). Trans. IL 

139—195. 

May 3, 1824. 

By Cha. Babbage, M.A. (Pet.) : On the determination of the general terms 
of a new class of infinite series. (Read by Mr Peacock.) Trans, ii. 217 — 
225. 

By Geo. Biddell Airy, B.A. (Trin.) : On the construction of a new achromatic 
telescope. 

May 17, 1824. 

By Joh. Hogg, B.A. (Pet.) : On two petrifying springs in the neighbourhood of 
Norton in the County of Durham. (Read by Professor Henslow.) 

By Geo. Biddell Airy, B.A. (Trin.) : On the principle and construction of the 
achromatic eyepieces of telescopes, and on the achromatism of micro- 
scopes. Trans, ii. 227—252. 



XX vi Address of Mr J. W. Clark, President, 

May 24, 1824. 

By Professor Haviland, President : On the cases of secondary smallpox, and of 
smallpox after vaccination, which have occurred in Cambridge during the 
last year. 

By Professor Parish : On a method of obviating the inconveniences ajising 
from the expansion and contraction of the iron in iron bridges. 

November 15, 1824. 

By Professor Gumming : On the use of gold leaf in the detection of galvanism. 
By Will Whewell, M.A. (TVin.) : On the principles of dynamics. 

November 29, 1824. 
By Professor Gumming : On the history of electro-magnetism. 

December 13, 1824. 

By Professor Parish : On the construction of the cogs of wheels. 

Professor Parish likewise exhibited to the Society the action of wheels in 
the form of involutes of circles upon each other as an illustration of 
the subject of his paper. 

February 21, 1825. 

By Professor Gumming : On the conversion of iron into plumbago by the 

action of sea- water. Trans, u. 441 — 443. 
By Geo. Biddell Airy, B. A. (Trin.) : On a peculiar defect of his eyes producing 

distortion of images, and on the means of correcting it. Trans, n. 267 — 

271. 
By Professor Sedgwick: On the essential distinction between alluvial and 

diluvial deposits. Annals of Philosophy, x. 1825, pp. 18 — 37. 

March 7, 1825. 

By Will. Whewell, M.A. (Trin.) : On a general method of converting rectilineal 

figures into others which are equivalent, such as scjuares, etc 
By Professor Sedgwick : On alluvial and diluvial deposits (continued). 

March 21, 1825. 

By Jos. Power, M.A. (Gla.): A general demonstration of the principle of 
virtual velocities. Trans. Ii. 273 — 276. 

April 18, 1825. 
By Professor Parish : On the construction of the cogs of wheels (concluded). 

May 2, 1825. 

By Geo. Biddell Airy, B.A. (Trin.): On the generation of curves by the 
rolling of one curve upon another, and on the formation of the curves of 
the teeth of wheels which may work in each other with perfect uniformity 
of action. Trans, n. 277—286. 

By Fix)fessor Sedgwick : A portion of a paper on the geology of the Yorkshire 
coast, a section of which was exhibited to the Society. 

By Will. Whewell, M.A. (Trin.) : Exhibition of drawings of the appearances 

Presented bv the spokes of wheels in motion when seen through parallel 
ars, and which consist of a series of quadratures. 
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May 16, 1826. 

Sy Ja. Alderson, B.A. (Pemb.): An account, with measurements, of an 

enormous whede cast upon the coast of Holdemess. (Read by Professor 

Cumming.) Trans, ii. 253—266. 
By Professor Sedgwick : On the geology of the Yorkshire coast (concluded). 
By Will. Whewell, M.A. (Trin.): On the classification of crystalline forms, 

particularly with reference to the systems of Weiss of Berlin and Mohs of 

Freyberg. 

November 14, 1825. 

By Hi. Wellesley Rothman, B.A. (Trin.) : On the discrepancies between the 
magnetic intensities at different places on the earth's surface, as deter- 
mined by observation, and by a formula partly empirical and partly 
theoretical of Horsteen and Barlow. Tratis. ii. 445. 

By Geo. Biddell Airy, B.A. (Trin.) : On the connection of impact and pressure, 
and the explanation of their effects on the same principles. 

By Leonard Jenyns, M.A. (Joh.) : On the ornithology of Cambridgeshire (read 
by Professor Henslow). 

November 28, 1825. 

By Leonard Jenyns, M.A. (Joh.) : On the ornithology of Cambridgeshire (con- 
cluded). Trails, n. 287—324. 

December 12, 1825. 

By Ch. Babbage, M.A. (Pet.): On the principles of mathematical notation 
(read by Mr Peacock). 

February 13, 1826. 

By Will. Whewell, M.A. (Trin.) : On the notation of crystallography. Trans. II. 

427—439. 
By Professor Farish : Explanation of a method of correcting the errors from 

the near position of a meridian mark. 

February 27, 1826. 

By WilL Woodall, M.A. (Pemb.) : On a method of finding the meridian line. 
By Professor Farish : Supplement to a paper read at the last meeting. 
By Geo. Peacock, M.A. (Trin.) : On Greek arithmetical notation. 

March 13, 1826. 

By WilL Hen. Wayne, M.A. (Pet.) : On beds containing fossil bones inter- 
mixed with clay and gravel. A letter read, with observations, by Profes- 
sor Sedgwick. 

By Geo. Peacock, M.A. (Trin.) : On Greek arithmetic (concluded). 

April 10, 1826. 

By Geo. Peacock, M.A. (Trin.) : On the origin of Arabic Numerals, and the 
date of their introduction into Europe. 

AprU 24, 1826. 

By Will. Whewell, M.A. (Trin.) : On a new method of Perspective ; particularly 
for objects comprehending a large vertical and a small horizontal space. 

By Geo. Peacock, M.A. (Trin.) : On the origin of Arabic Numerals, etc. (con- 
cluded). 
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May 8, 1826. 

By Qeo, Biddell Airy, M. A. (Trin.) : ObsenratioDS on the Mecaniqne Celeeie of 
Laplace, Book HI., with some remarks on the objectioDs of Mr Ivocy. 
Traru. IL 379—390. 

By Profeasor Sedgwick: On the Geology of the Isle of Wight. 

November 13, 1826. 

By Professor Sedgwick: Exhibition of a pair of large fossil horns, of some 
species of the genus Bos, found near Walton in Essex. 

By WilL Whewell, M.A« (Trin.): On the classification of crystalline combina- 
tions, and the canons of derivation by which their laws may be investi- 
gated. Trans, n. 391^25. 

November 27, 1826. 

By Geo. Biddell Airy, M. A. (Trin.) : On the motion of a pendulum disturbed 
by any small force, and on the application of this method to the theoiy of 
escapements. Trans, in. 105 — 128. 

December 11, 1826. 

By Geo. Peacock, M.A« (Trin.) : On the numerals of the South American lan- 
guages. 

After the meeting Professor Airy gave an account of the construction and 
application of the steam-engine in the mines of ComwalL 

February 26, 1827. 

By Professor Airy : On the mathematical theory of the Rainbow. 
After the meeting Professor Henslow gave an account of the structui^ of the 
capsules of mosses, illustrated by coloured drawings. 

March 12, 1827. 

By Geo. Peacock, M.A. (Trin.): On the discoveries recently made on Uie 
subject of the Egyptian Hieroglyphics. 

March 26, 1827. 

By Professor Henslow : On the specific identity of the Cowslip, Oxlip, and 
Primrose. 

By Will. Whewell, M.A. (Trin.) : Note on the perspective projection of objects 
on a horizontal plane. 

After the meeting Professor Gumming gave an accoimt of the different forms 
of the Galvanometer, and of the discoveries recently made in Electro- 
dynamics. 

Apra 30, 1827. 

By Will. Sutcliffe, M.A. (Trin.) : On the application of mathematics to Politi- 
cal Economy, and the effects of a partial Tithe. 

By WilL Whewell, M.A. (Trin.) : On the Perspective of Panoramas. 

After the meeting Professor Sedgwick exhibited a laroe pair of horns of [some 
species of the genus Bos'] found near Walton in Essex ; and an loitkyo- 
sauruSy found at Lyme ; on which he offered some observations. 

May 14, 1827. 

By WilL Sutcliffe, M.A. (Trin.^ : On the application of mathematics to Politi- 
cal Economy, etc. (concluded). 
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By Professor Airy : On the defects of the eye-pieces of telescopes. 

Aiter the meeting Professor Sedgwick gave an account of the peculiarities 
of the Coal Strata in the neighbourhood of Whitehaven : and Qeorge 
Noakes (est. 7), a boj remarkable for hia powers of calculation, was ex- 
amined by several members of the Society. 

Matf 21, 1827. 

By R. M. Fawcett : On the use of Iodine in cases of Paralysis. 

By Professor Airy : On the observation of eye-glasses depending upon their 

spherical figure, and on the periscopic Panorama. Trans, iii. 1 — 63. 
After the meeting Mr Peacock gave an account of the discoveries recently 

made in Hieroglyphics. 

November 12, 1827. 

By Tho. Jarrett, B. A. (Oath.) : On Algebraical Notation. Trans, III. 66—103. 
By Will. Whewell, M.A. (Trin.): On the History and Principles of Chemical 

Nomenclature and Notation, with suggestions of some alterations in the 

Notation hitherto in use. 
By WilL Mandell, B.D. (Qu.) : Exhibition of a piece of breccia, supposed to be 

a fragment of a Roman quern or hand-mill, found on the Hills Road. 

November 26, 1827. 

Professor Sedgwick read a letter from Mr Ri. Tho. Lowe, concerning certain 

fetrifactions, apparently of vegetable origin, which are found in tiie 
sland of Madeira. 
By Professor Henslow : An account of the application of the chloraret of lime 
to the purpose of disinfecting and neutralizing putrid and noxious sub- 
stances. 

December 10, 1827. 

Dr Fre. Thackeray presented a sword of the sword-fish, and read some obser- 
vations on the bones of the head, and especially those which seem to 
belong to its olfactory system. 

By Leonard Jenyns, M.A. (J oh.) : On the monstrous prolongations of teeth, 
etc., which have been observed in different animals, particularly the 
teeth of a rabbit and the bill of a rook which exist in the Collection of 
the Society ; and on the circumstances by which such deformities have 
been observed to be accompanied. 

February 17, 1828. 

By Alex. Ch. Louis D'Arblay, M.A. (Chr.): Remarks on a pamphlet by Messrs 

Swinburne and Tylecot of St John's College, concerning the proofs of the 

Binomial Theorem, and especially that of Euler. 
After the meeting Mr Peacock gave an account of the representations occurring 

in Egyptian monuments of the deities of that country, and of the funercd 

rituals. 

March 3, 1828. 

By Alex. Thomson (Job.): On a mode of obtaining exact measures of the 
cranium. 

By Will. Whewell, M.A. (Trin.) : On the different systems of mineralogical 
classification. 

After the meeting Professor Sedgwick gave an account of the geological struc- 
ture of Scotland, as collected from the observations made by himself and 
Mr Murchison during the preceding summer. 
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March 17, 1828. 

By Tho. Jarrett, M.A. TCath.) : On the development of Polynomials. 

By Will WheweU, mA. (Trin.) : On the different systems of mineralogical 
classification (concluded). 

After the meeting Hen. Coddington, M.A. (Trin.) gave an account of the ex- 
periments on vibrations and nodal lines of Chladni, Savart, on the ood- 
struction of organ-pipes, etc. 

AprU 21, 1828. 

By Will. WheweU, M.A. (Trin.) : On mineralo^cal nomenclature. 

By Temple Chevallier, M.A. (Pem.) : On certain properties of numbersw 

By Rob. Willis, B.A. (CaL) : On the pressure of the air between two discs 

when affected by a stream of air passing through a tube perforating one 

of the discs. Trans, in. 129—140. 
After the meeting Mr Willis exhibited various experiments illustrative of the 

laws of pres8\u-e described in his memoir. 

Ma^ 5, 1828. 

By Tho. Jarrett, M. A. (Cath.) : On the arithmetic of lines. 
By Professor Whewell : On mineralogical classification (concluded). 
Alter the meeting Professor Haviland gave an account of the nature and use 
of the stethoscope. 

May 19, 1828. 

By Thos. Jarrett, M.A. (Cath.) : On two theorems useful in the integration of 

certain functions. 
By Joh. WilL Lubbock, M.A. (Trin.) : On the calculation of Annuities, and 

some theorems in the doctrine of chances. TroTis, UL 141 — 154. 

November 10, 1828. 

By Ja. Challis, M.A. (Trin.) : On the Law of Distances applied to the Satel- 
lites. 

After the meeting Professor Whewell gave a lecture on the granite veins of 
ComwalL 

November 24, 1828. 

By Professor Airy: On the Longitude of Cambridge. Trans, in. 156 — 170, 

By Rob. Willis, M.A., Gonv. and Cai. Coll. : On the vowel sounds. 

After the meeting Mr Willis exhibited experimento illustrative of his doctrine. 

December 8, 1828. 

By Joh. Warren, M.A. (Jes.) : On the doctrine of impossible quantities, and 
their geometrical representation, and on the proof that every equation of 
n dimensions has n roots. 

By Fre. Thackeray, M.D. TEmm.) : On the case of Ann Carter, a young woman 
at Stapleford, said to oe a trance. 

By Ja. Challis, M.A. (Trin.) : On the Law of Distances, etc. (concluded). 
Trans, in, 171—183. 

After the meeting Mr Leonard Jenyns gave an account, illustrated by draw- 
ings, of the comparative anatemy of Birds and Mammals, and of several 
pe^iculars respecting the former Class. 

March 2, 1829. 

By Pierce Morton, B.A. (Trin.) : On the focus of a conic section. Trans, in. 
185—190. 
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By Professor Wbewell : On the application of mathematical reasoning to cer- 
tain theories of Political Economy. 

After the meeting Professor Whewell gave an account of various contrivances 
employed in dipping needles, and of some suggested improvements. 

March 16, 1829. 

By Professor Whewell : On the application of mathematical reasoning, etc. 

(concluded). Tram, in. 191—230. 
By Rob. Willis, M.A. (Gonv. & Cai.) : On the theory of the sounds of pipes as 

relating to their vowel quality (concluded from 24 Nov. 1828). Trans, in. 

231 —268. 
After the meeting Mr Willis exhibited experiments illustrative of the influence 

of the length of the pipe on the vibrations of the reed, and of the different 

ways in which the vowel sounds may be produced. 

March 30, 1829. 

By Ja. Challis, M.A. (Trin.) : Abstract of a memoir on the vibrations of elastic 

fluids. Trans, in. 269—320. 
By Joh. Will. Lubbock, M.A. (Trin.): On the tables of the chances of life, and 

on the value of annuities. Trans, iiL 321 — 341. 
After the meeting Professor Henslow ^ve an account of the organization and 

classification of ferns, illustrated by drawings. 

May 4, 1829. 

By Professor Whewell : On the mineralogical systems proposed by Nordenski- 

old, Bemsdorflf, Kefersheim, and Naumann. 
After the meeting Mr Leonard Jenyns gave an account of the construction, 

properties, and mode of growth, of feathers. 

May 18, 1829. 

By WilL Hallows Miller, M.A. (Joh.) : On caustics formed by successive re- 
flexions at a spherical surface. 

By Rob. Willis, M.A. (Gonv. & Cai.) : On the mechanism of the human voice. 
Trans, iv. 323—352. 

After the meeting Mr Willis exhibited various experiments and modeb, and 
explained the action of the organs of voice. 

Novernber 16, 1829. 

By Professor Airy : On a correction of the length of a pendulum consisting of 

a wire and ball Tram, iil 365 — 360. 
By Professor Whewell : On the causes and characters of Pointed Architecture. 
After the meeting Professor Whewell described the kinds of vaulting employed 

in German churches, with their history; illustrating his account with 

models. 

Novemher 30, 1829. 

By Ri. Wellesley Rothman, M.A. (Trin.) : On an observation of a solstice at 

Alexandria recorded by Strabo. Tram, in. 361—363. 
By Professor Whewell : On Pointed Architecture (concluded). 
By WilL Hallows Miller, M.A. (Joh.) : On the forms and angles of certain 

crystals. Tram, in. 365—367. 
After the meeting Professor Sedgwick gave an account of the geology and 

structure of the Alps, illustrated by a section from the plains of Bavaria 

to those of Trieste. 
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December 14, 1829. 

Bj Professor Airy: On the mathematical conditions of continued motiGiL 

Trans, ra. 369—372. 
By Ch. Pleydell Neale Wilton, M.A. (Joh.) : On the geology of the shore of 

the Severn in the Parish of Awre in Gloucestershire. 
After the meeting Mr Leonard Jenyns gave an account of the circumstances 

connected with the migration of Birds. 

February 22, 1830. 

By Ja. Challis, M.A. (Trin.) : On the integration of the equations of motion of 

fluids ; and on the application of this to the solution of various problems. 

Trans, ni. 383 — 416. 
By Leonard Jenyns, M.A. (Joh.) : On the Natter-Jack of Pennant, with a list 

of Reptiles found in Cambridgeshire. Trans, iii. 373—381. 
After the meeting Professor Henslow explained the discoveries of M. Dutro- 

ohet on Endosmose and Ezosmose. 

March 8, 1830. 

By Ch. Pleydell Neale Wilton, M.A. (Job.): Accoimt of a visit to Mount 

Wingen, the burning mountain of Austndia. 
By Hen. Coddington, M. A« (Trin.) : On the construction of a microsoope 

invented by him, which he exhibited to the Societv. 
After the meeting Professor Airy gave an account, illustrated by models, of 

the instruments which have been used to measiu*e altitudes: viz. the 

Zenith Sector, the Quadrant, the Refracting Circle, the large Declination 

Circles of Troughton, and the Circles of Reichenbach. 

March 22, 1830. 

By Will. Hallows Miller, M. A. (Job.) : On the measurement of the angles of 
certain crystals which occur in the slags of furnaces. Trans, m. 417 — 42ii. 

hj Hen. Coddington, M.A. (Trin.) : On the advantages of a microscope of a 
new construction. Trans, in. 421 — 428. 

By Hugh Ker Cantrien, B. A. (Trin.^ : On the Calculus of Variations. 

Mr Willis gave an account, illustrated by models and drawings, of the con- 
struction and muscles of the tongue, palate, and pharynx, and of the 
mode in which these operate in the production of vowel and modulated 
sounds. 

April 26, 1830. 

By Leon. Jenyns, M.A. (Joh.) : On the late severe winter. 

By Hen. Coddington, M.A. (Trin.) : On his new-invented microscope. 

By Professor Whewell : On the proof of the first law of motion. 

After the meeting Professor Whewell gave an account of Gk>the's objections to 

the Newtonian theory of Optics, and of the doctrine proposed by that 

author. 

May 10, 1830. 

By Tho. Chevallier, M.D. ; On the anatomy and physiology of the ear. 

AJPter the meeting Professor Cumming explained the construction and use of 
the areometer of Professor Leslie, and its resemblance to the steieonieter 
of Captain Say; and the construction of an instrument for measuring the 
whole quantity of sunshine which operates during any given time. 
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May 24, 1830. 

By Professor Airy : On the peculiar form of the rin^ produced by a ray circu- 
larly polarized, and on the calculation of the intensity of light belonging 
to this and other cases. 

By Will. Webster Fisher (Down.): On the appendages to organs aa provi- 
sionary to the modifications of the functions. 

By Bob. Murphy, B.A. (GJonv. and Cai.) : On the general properties of definite 
integrals, and on the equation of Riccati. Trans. Iii. 429 — 443. 

By Hen. Coddington, M. A. (Trin.) : A further explanation of his microscopa 

After the meeting Mr Willis exhibited and explained an instrument for 
making orthographical projections of objects. 

November 15, 1830, 

By Aug. De Morgan, B.A. (Trin.), Professor of Mathematics in London 
University : On the Equation of Curves of the second degree. Trans, iv. 
71—78. 

By Will. Okes, M.A. (Gonv. and Cai.) : On the Wourali poison used by the 
Maconshi Indians ; a blow-pipe, quiver, and arrows were exhibited. 

By Professor Ciunming : A communication from Mr Edwards on a substance 
resembling cannel coal, found in digging a canal near Norwich. 

By Ri. Tho. Lowe, B.A. (Chr.) : On the Natural History of Madeira. 

After the meeting Professor Whewell gave an account of a method of con- 
structing cross vaults without bocuxled centering, revived and described 
by M. de Lassaulx of Coblentz. 

November 29, 1830. 

By Ri. Tho. Lowe, B.A. (Chr.): On the Natural History of Madeira (con- 
cluded). Trans, rv. 1 — 70. 

By Professor Whewell : Rules for the selection and employment of symbols of 
mathematical quantity. 

After the meeting Mr Leonard Jenyns gave an account, illustrated by draw- 
ings, of the quinary system of Natural History proposed by Mr M'Leay. 

December 13, 1830. 

By Professor Whewell : Rules for the selection, etc. (concluded). 

By Professor Henslow : On the mode of reproduction of the Ckara. 

After the meeting Professor Henslow made some observations on tall ferns, 
exhibiting a specimen of a stalk. 

A machine was exidbited invented by Professor Airy for the purpose of ex- 
hibiting the mode of propagation of undidations along a line of particles. 

February 21, 1831. 

By Professor Aiiy : On the nature of the two rays formed by the double 
refraction of quartz. Trans, iv. 79 — 123. 

After the meeting Professor Airy exhibited a machine for illustrating the 
nature of the undulations supposed in circular polarization; an instru- 
ment for exhibiting the rings, spirals, etc. produced by double refraction ; 
and an instrument for exhibiting the same phenomena by means of the 
light produced by the combustion of lime in oxygen. 

March 7, 1831. 

By Rob. Murphy, B.A. (Gonv. and Cai.) : On the general solution of equa- 
tions. Trans, iv. 126 — 153. 

VOL. VII. PT. IV. C 
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After the meeting Mr Willis exhibited a series of ezperim^ita on the 

verse and longitudinal vibrations of strings, membranes, and solids, nins- 
trativeof the researches of M. Savart. 

Mardk 21, 1831. 

Bj Will. Hallows Miller, M.A. (Joh.) : On the elimination of the time from the 

differential e(]^uations of the motion of a point, whether affected bj a 

resisting medium, or by any disturbing forces. 
By the same : On measurements of the angles of certain artificial arystala. 
After the meeting Mr Willis exhibited and explained a machine oonstnicted 

for the purpose of illustrating the motion of the particles of any medium 

in which undulations are propagated. 

April 18, 1831. 

By Professor Whewell : On the mathematical exposition of some of ihe leading 

doctrines of Mr Ricardo's Principles of Political Economy and TaxatimL. 
By Professor Airy : Notice of an apparatus constructed under his direction by 

Mr DoUond, and of the phenomena of elliptically polarized li^^t exhibited 

by means of the apparatus. Tram. rv. 199 — 208. 
After the meeting Professor Henslow exhibited a series of appearances pro- 

duced by two wheels revolving one behind the other. 

May 9, 1831. 

By Ch. Pritchard, B.A. (Joh.) : A method of simplifying the demonstration of 

the two principal theorems respecting the figure of the earth oonsid^ed 

as heterogeneous. 
By Professor Whewell : On the mathematical exposition, etc. (condnded). 

Trans, iv. 156—198. 
After the meeting Mr Willis exhibited apparatus illustrating the nature c^ 

sound, and the vibrations which produce it, especially an inatrament 

which he calls a Lyophone. 

May 16, 1831. 

By Ja. Francis Stephens : Description of CkiawffncUkus grantii^ a new Lnca- 
nideous insect forming the type of an undescribed genus, together with 
some brief remarks upon its structure and affinities. Tram. iv. 209 — ^816L 

By Professor Clark : On a monster of the kind called semidouble. TVojul it. 
219—265. 

After the meeting Mr Willis exhibited Mr Trevelyan's experiment on the 
rocking of a bar of hot brass placed upon a plate of cold lead. 

Mr Leonard Jenyns gave an accoimt of the application of the quinary system 
of Mr M"Leay to the classification of Birds. 

November 14, 1831. 

By Profeasor Airy: On some new circumstances in the phenomena ei 

Newton's rings. Trans, iv. 279 — 288. 
By Professor Henslow : On a hybrid plant between Digitalis purpurea and D, 

lutea. 
After the meeting Professor Sedgwick gave an account, illustrated by sectioDS, 

of the geological structiu^ of Caernarvonshire. 

November 28, 1831. 

By Leonard Jenyns, M.A. (Joh.): A monograph ofthe British species of biralve 

moUusca belonging to the genera Oyclas and Pisidium, Trans, iv. 289— 
312. 
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By Sam. Eamshaw, B.A. (Joh.): On the integration of the general linear 
differential equation of the nth order, and the general equation of 
differences with constant coefficients. 

After the meeting Professor Whewell gave an accoimt of the theories of 
evaporation, the use of Daniel's hygrometer, and the formation of clouds. 

December 12, 1831. 

By Professor Gumming : Exhibition of a calculus found in the intestines of a 

horse, with remarks. 
By Professor Henslow : On a hybrid Digitalis (concluded). Trans, iv. 257 — 

278. 
After the meeting Mr 0. Jenyns gave an account, illustrated by drawings, of 

the rules of the perspective of shadows, and explained the use of the cen- 

trolinead. 

March 6, 1832. 

By Professor Airy : On a new analyser of light polarized in a peculiar manner. 

Trans, iv. 313 — 322. 
By Rob. Murphy, B.A. (Qonv. and Cai.) : On an inverse calculus of definite 

integrals. {Trans, iv. 353 — 408.) 
After the meeting Professor Airy exhibited an apparatus illustrative of some 

of the phenomena referred to in his paper. 
Professor Henslow gave a lecture, illustrated by specimens and drawings, on 

the age of trees. 

March 19, 1832. 

By Professor Airy : On the phenomena of Newton's rings when formed 
between two transparent substances of different refractive powers. Trans. 
IV. 40&— 424. 

By Will. Brett, M.A. (Corp.) ; On the phenomena of double stars. 

After the meeting Mr Whewell gave an account, illustrated by diagrams, of 
the forms and course of the cotidal lines according to the causes which 
influence them, and according to the observations made in different places. 

April 2, 1832. 

By J[ohn] P[rentice] Henslow : On the habits of two hybrid pheasants pre- 
sented by him to the Society. 
By B. Bushefl : On the anatomy of the same birds. 
By Will. Brett, M.A. (Corp.) : On the theory of stars of variable brightness. 

May 7, 1832. 

By Sir Joh. Fre. Will. Herschel, M.A. (Joh.) : Description of a machine for 

solving equations. Traiu, iv. 426 — 440. 
By WilL Holt Yates, M.B. (Joh.) : Account of the magnetic mountain of 

Sipylus near Magnesia. 
After the meeting Professor Sedgwick gave an account, illustrated by maps 

and sections, of the Physical Geography and History of the Fens of 

Cambridgeshire. 

May 21, 1832. 

By Sir Joh. Fre. Will. Herschel, M.A. (Joh.) : Description of a machine, etc. 

(concluded). 
By Rob. Willis, M.A. (Gonv. and Cai.) : On the ventricles of the larynx. 
By Professor Henslow : On a monstrosity of Reseda. Trans, v. 95 — 100. 
After the meeting Mr Willis gave a lecture, illustrated by experiments, on 

various phenomena of sound. 

c2 
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June 4, 1832. 

By Job. Hogg, M.A. (Pet.) : On the classical plants of Sicily. 

By Professor Henslow : Exhibition of a drawing representing the oonstracttcm 

of Reseda, in illustration of his former paper. 
By Professor Clark : Exhibition of a senu-double foetus of a pig, with 

explanation. 
By Professor Gumming: On Mr Faraday's recent discoveries in magoeto- 

electricity, with illustrative experiments. 

November 12, 1832. 

By Geo. Qreen : Mathematical investigations concerning the laws of the 
equilibrium of fluids analogous to the electric fluid ; with other aimikr 
researches. Trans, v. 1 — 63. 

By Aug. De Morgan, B. A. (Trin.) : On the general equation of sorfaoes of the 
second d^ree. Trans, v. 77 — 94. 

After the meeting Professor Henslow gave an account, illustrated by various 
drawings and diagrams, of various observations of Geology and Natunl 
History made by him during a residence at Weymouth during a portioo 
of the summer. 

November 26, 1832. 

By Rob. Murphy. M.A. (Gonv. and Cai.) : On an elimination between an in- 
definite numoer of unknown quantities. Trans, v. 65 — 75. 

By Will. Whewell, M.A. (Trin.) : On the architecture of Normandv. 

After the meeting Mr Ch. Brooke (Job.) gave an account of the history and 
recent improvements in Lithotripsy, illiistrated by the exhibition of the 
instruments used, and by several dniwings. 

December 10, 1832. 

By Will. Whewell, M.A (Trin.) : On the architecture of Normandy (continued). 

After the meeting Mr Sims gave an account of the various methods of engine- 
dividing, and of original dividing practised with r^ard to graduated 
instruments; and explained particularly the method of original dirid- 
ing invented by Mr Iroughton, and recently applied by Mr Sima to 1^ 
division of the mural circle of the Observatory. This explanation was 
illustrated by models and apparatus. 

February 25, 1833. 

By Will. Whewell, M. A (Trin.) : On the architecture of Normandy (oonthmed) 
After the meeting Professor Airy gave an account, illustrated by models and 

diagrams, of his researches concerning the mass of Jupiter by means of 

observations of the Fourth Satellite. 

March 11, 1833. 

By the Marchese Spineto : An examination of the grounds of Sir Isaac 

Newton's system of chronology. 
After the meetmg Professor Sedswick gave an account, illustrated by m^n- 

sentations of sections, of the Geology of North Wales. 

March 25, 1833. 

By Jos. Power, M.A. (Trin. Hall) : On the eflect of wind on the barometer. 

By Professor Clark : On an unusual situation of the origin of the internal 
mammary ari^, with a drawing and explanation. 

After the meeting Professor Henslow gave an accomit, illustrated by dia- 
grams, of a method of classifying and designating colours, paiticulariy 
with reference to their use in natiial-histori^ descriptions, 
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April 22, 1833. 

By Profeesor Miller : On lines produced in the spectrum by the vapour of 
Bromine, Iodine, and Euchlorine. PhU, Mag. 1833, i. 381. 

By Will Whewell, M.A. (Trin.) : On the architecture of Normandy (concluded). 

After the meeting Mr Whewell explained some of the difficulties which had 
attended his researches concerning co-tidal lines. 

May 6, 1833. 

By Mr Millsom : A description of the anatomy of a hybrid animal — a lion- 
tiger (communicated by Dr Haviland). 

By -Geo. Qreen : A memoir on the exterior and interior attractions of ellip- 
soids (communicated by Sir Edw. Tho. French Bromhead, Bart., M.A. 
Gonv. and Cai.). Traiia. v. 396—429. 

By the Marcheee Spineto : On an insect which appears in the Egyptian 
Hieroglyphics. 

By Professor Airy : On difiraction. Trans, v. 101 — 111. 

Matf 20, 1833. 

By WilL Hopkins, M.A. (Pet.) : On the position of the nodes of the vibration 

of the air in tubes. Trans, v. 231—270. 
Mr Hopkins also exhibited experiments illustrating the interference of the 

vibrations of the air. 

November 11, 1833. 

By Rob. Murphy, M.A. (Gonv. and Cai.) : A second memoir on the inverse 

method of definite integrals. Trans, v. 113 — 148. 
By Professor Airy : An account of various observations made on the Aurora 

Borealis of September 17 and October 12. FhU. Mag. 1833, ii. 461. 

November 25, 1833. 

By Professor Henslow : Observations on a beetle found in a block of maho- 
gany presented to the Society. 

By Ri. Tho. Lowe, M.A. (Chr.) : Description of a molluscous animal of the 
genus Umbrella, with a drawing and remarks. 

By Will. Hopkins, M.A. (Pet.) : On the geology of Derbyshire, illustrated by 
maps and sections. Phil. Mag. 1834, i. 66. 

December 9, 1833. 

By Hen. Moseley, B.A. (Joh.), Professor of Natural Philosophy in King's Coll. 

Lond. : On the general conditions of the equilibrium of a system of 

variable form ; and on the theory of equilibriiun, fall, and settlement, of 

the arch. Trans, v. 293—313. 
By Professor Parish : On the appearance of a meteor, or falling star, of great 

splendour, observed by him at a quarter before seven o'clock, on 

September 26 (he being near Magdalene College). 
By Professor Sedgwick : On the geology of Chamwood Forest, illustrated by 

maps and sections. PhU. Mag. 1834, i. 68. 

February 17, 1834. 

By Fra. Lunn, M.A. (Joh.) : On a specimen of Proteus anguinus, presented 

by him to the Society. 
By Professor Miller : Some optical observations on lines in the vapour of 

Iodine, Bromine, and Perchloride of Chrome. Phil. Maa. 1834, i. 312. 
By Will. Whewell, M.A. (Trin.) : On the natiu« of the truth of the Laws of 

Motion. Traru. v. 149—172. 
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March 3, 1834. 

By Ja. Challis, M. A. (Trin.) : On the motion of fluids. Trans, v. 173— 203w 
By Temple Chevallier, B.D. (Cath. H.) : On the polarisation of the light of 

the atmosphere. Phil, Mag. 1834, i. 312. 
By Professor Miller : Notice of experiments on the Perchloride of Chrome. 

March 17, 1834. 

By Jos. Power, M.A. (Trin. Hall) : On the theory of Exosmose and Endosmoae. 

Trans, v. 205—229. 
By Professor Henslow : On Braun's speculations concerning the arrangemait 

of the scales on fir-cones, with additional remarks. 
By Professor Airy : On the polarisation of light by the sky, and by rough 

bodies. Phil. Mag. 1834, i. 313. 

Apra 14, 1834. 

By Professor Airy : On the latitude of the Cambridge Observatoiy, as deter- 
mined by means of the mural circla TraTis. v. 271 — 281. 

By WilL Whewell, M.A. (Trin.): On Sir J. Herschel's hypothesis ooucenung 
the absorption of light by coloured media. Phil. Mag. 1834, L 463. 

April 28, 1834. 

By Professor Miller : On the axes of crystals. PhU. Mag. 1834, L 463. 
By Sam. Eamshaw, B.A. (Joh.) : On the laws of motion. Ibid. 
After the meeting Mr Willis explained a machine of his construction for 
jointing together the bones of skeletons. 

Ma^f 12, 1834. 

By Aug. De Morgan, B.A. (Trin.) : An attempt to shew that the principles of 

the Differential Calculus may be established without assuming the forms 

of any expansion Tin a letter to Mr Peacock). 
After the meeting Proxessor Miller exhibited and explained an instrument for 

taking the specific gravities of bodies. 
[By Rob. Willis, M.A. (Gonv. and Cai.) : Exhibition and explanation of an 

instrument constructed by himself, which he proposes to call an Ortho> 

CTaph. 
By Will. Webster Fisher, M.B. (Down.) : On the origin of Tubercular 

diseases.] 

November 10, 1834. 

By Ri. Tho. Lowe, M.A. (Chr.) : Descriptions of six new or rare species of fish 

from Madeira, with drawings. Trans, vi. 195 — ^201. 
By Will. Whewell, M.A. (Trin.) : Observations of the tides made from June 7 

to June 22, 1834, at the coastguard stations ; with some observations oa 

the mode of discussing them. 

November 24, 1834. 

By Professor Airy : On the rings produced by viewing the image of a star 
through an object-glass of circular aperture. Trans, v. 283 — 291. 

By the same : On tho longitude of the Cambridge Oberaratory, as compared 
with the result of the Trigonometrical Survey. 

By Ri. Stevenson, B.A. (Trin.) : On the establishment of propositions by the 
infinitesimal methoa combined with the doctrine of projections. 

By Professor Sedgwick : On the geology of Cambridge. PkU. Mag. 1835j i. 74 



on resigning office, 27 October, 1890. xxxix 

December 8, 1834. 

£y Professor Miller : On the position of the optical axes of crystals. Trans, v. 
431—438. 

By Professor Henslow : On the Green Sand at Haslingfield, Barton, etc. 

!By the same : On the age of trees, as determined by their size. 

By Professor Airy : On the echo from the open end of a tall chimney. 

[By Professor Gumming : A statement of Melloni's discoveries on the trans- 
mission of heat by radiation.] 

March 2, 1835. 

By Rob. Murphy, M.A. (Gonv. and Cai.) : On the inverse method of Definite 

Integrals. Trans, v. 315—393. 
By Ri. Stevenson, B.A. (Trin.) : On the solution of some problems connected 

with the theory of straight lines and planes by a new symmetrical method 

of coordinates. 
By Will Hopkins, M.A. (Pet.) : On Physical Geology. Trans, vi. 1—84. 

March 16, 1835. 

By Will. Webster Fisher, M.B. (Down.) : On the nature, structure, and changes, 
of tubercles, illustrated by coloured drawings. Phil, Mag, 1835, i. 395. 

Alter the meeting Mr Willis gave an account, illustrated by drawings and 
models, of the progress of Gothic Architecture, and especially of the 
formation of tracery. Ibid. 

March 30, 1835. 

By Aug. de Morgan, B.A. (Trin.) : On the theorem of M. Abel relative to the 
algebraical expression of the roots of equations which are connected by 
the law of periodic functions. 

By WilL Whewell, M. A (Trin.) : Exhibition and explanation of an Anemome- 
ter of a new construction ; with a statement of the use which might be 
made of observations made by means of it. 

May 4, 1835. 

By Professor Airy : An account of results recently obtained at the Observatory 

with respect to : (1) the obliquity of the ecliptic ; (2) the mass of Jupiter ; 

(3) Jupiter's time of rotation. 
By WilL Whewell, M.A. (Trin.) : On the results of the Tidal Observations of 

the Coast Guard of June, 1834 ; and on those intended to be made in June, 

1835. 

May 18, 1835. 

By Archib. Smith (Trin.) : A communication containing the eliminations by 
which the equation of the wave surface in Fresnel's theory of undulations 
is determined in a manner more simple than in previous investigations 
of other authors on the same subject (read by Professor Airy). Trans. 
VI. 85—89. 

By Will. Whewell, M.A (Trin.) : An extract of a letter from Professor Schu- 
macher, stating that Messrs Beer and MOdler had found the time of 
Jupiter's rotation to be 9^ 55" 26', 5; and that M. Bessul had made a 
long series of observations which give the mass of Jupiter nearly identical 
with those of Professor Airy. 

By WilL Webster Fisher, M.B. (Down.) : On tubercles (continued). 

June 1, 1835. 

By Rob. Willis, M.A. (Gonv. and Cai.) : An account, illustrated by models, of 
the progress of decorative construction in vaults. Phil, Mag. 1835, i. 71. 
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November 16, 1835. 

By Bob. Murphy, M.A. (Gonv. and Cai.) : On the resolution of equatacxis of 

finite dififerenoes. Tram, vl 91 — 106. 
Extracts of letters written by Sir J. F. W. Herschel, M.A. (Joh.) firom the 

Cape of Qood Hope, on meteorological observations made by him there. 
Extracts of letters from Gh. Bob. Darwin, B. A. (Chr.) containing aooounts of 

the geology of certain parts of the Andes and S. America. 

Nwember 30, 1836. 

By Will Wallace, F.RS., Prof of Mathematics, Edinburgh (Hon. Member) : 

On a geodetical problem. Tram, vl 107—140. 
By Professor Airy : On a supposed analysis of the spectrum by Sir D. 

Brewster. 

December 14, 1835. 

By Bi. Potter (Qu.) : On the explanation of the phenomena of the rainbow 

by the doctrine of interferences. Trans, vi. 141 — 152. 
By Ch. Bob. Darwin, B. A (Chr.) : On viviparous lizards, and on rod snow. 

February 21, 1836. 

By PhiL Eelland, B.A. (Qu.) : On the dispersion of Light on tiie Undulatoiy 

Theory. Trans, vl 163—184. 
By WiU. Whewell, M. A. (Trin.) : On the Tides. PhiL Mag, 1836, L 430. 

Marck 7, 1836. 

By Will. Whewell, M.A. (Trin.) : On the recent discoveries of Professor Forbes 
and others respecting the polarisation of heat. PhiL Mag, 1836, L 4301 

After the meeting Mr Wulis gave a lecture on the composition and reeolutioo 
of the entablature in Egyptian and Grecian architecture, tbid. 

March 21, 1836. 

By Sam. Earnshaw, M. A. (Joh.) : On the solution of the equation of con- 
tinuants of fluids in motion. Trans, vi. 203 — 233^ 

By Professor Miller : On the position of the axes of optical elasticity of certain 
crystals. Trans, vil 209—215. 

By Tho. Webster, M. A. (Trin.) : On the connection of the periodical [motions] 
of the barometer with the changes of temperature ; and on the relation 
of the accidental changes with the occasional changes. 

AprU 18, 1836. 

By Professor Sedgwick : An account of the svstem of formations inferior to 
the Carboniferous Series, as illustrated by his own researches in Wales, 
and those of Mr Murchison in the same country. 

May 2, 1836. 

By Geo. Biddell Airy, M. A. (Trin.), Astronomer Boyal : On the intensity of 
light in the neighbourhood of tne caustic. Trans, vl 379 — 402. 

By Will. Hopkins. M.A. (Pet.) : On the agreement between his theoretical 
views of the clevatory geological forces, and the phenomena of &ult8, as 
observed by him in the strata of Derbyshire. 

May 16, 1836. 

By Aug. De Morgan, B.A. (Trin.) : Sketch of a method of introducing disoon- 
tinuous constants into the arithmetical expressions for infinite senea 
(In a letter to Mr Peacock.) Trans, vi. 186 — 193. 
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Sy PhiL Eelland, B. A. (Qu.") : On the constitution of the atmosphere and the 

connexion of light and neat. Tratu. vi. 235 — 288. 
By WilL Hopkins, M. A. (Pet) : Ohservations on the temperature of mines, 

and the doctrine of central heat. 
By Geo. Biddell Airy, M.A. (Trin.) : Observations of temperature during the 

great Solar Eclipse of 15 May. 

November 14, 1836. 
lio papers recorded. 

Novendyer 28, 1836. 

Sj Joh. Thompson Exley (Joh.) : On the leading features of a new system of 
Physics. 

By Professor Henslow : On various kinds of pebbles and agates, with conjec- 
tures respecting the origin of the bands of colour with which they are 
marked. 

December 12, 1836. 

By Sam. Eamshaw, M.A. TJoh.) : On the appearance of light received on a 
screen after passing tnrough an equilateral triangle placed behind the 
object-glass of a telescope. Trans. VL 431 44 2. 

By Ja. Jos. Sylvester (Joh.) : On elimination, and the use of indeterminate 
constants. 

By Win Hopkins, M.A. (Pet.) : On the formation of veins in Derbyshire. 

February 13, 1837. 

By Professor Challis : On the temperature of the higher regions of the atmo- 
sphere. Trans, vi. 443 — 455. 

By Steph. Pet. Rigaud, Savilian Professor of Astronomy, Oxford : On the rela- 
tive proportions of Land and Water. Trans, vi. 289 — 300. 

By PhiL Kelland, B.A. (Qu.) : On the transmission of light through crystal- 
lised media. Trans, vi. 323—352. 

February 27, 1837. 

By Joh. Warren, M.A. (Jes.) : ()n the algebraical sign of the perpendicular 

from a given point upon a given line. 
By Ch. Rob. Darwin, B. A. (Chr.) : An account of fused sand-tubes found near 

the Rio Plata — which were exhibited, along with several other specimens 

of rocks. 
By WilL Webster Fisher, M.B. (Down.) : On a case of Spina bifida. Phil, 

Mag. 1837, L 316. 

March 13, 1837. 

By PhiL Kelland, B.A. (Qu.) : Supplement to his paper read 13 February. 

By Sam. Eamshaw, M.A. (Joh.) : On the laws of fluid motion. 

By Hen. Joh. Hales Bond. M.D. (Com): A medical-statistical Report of 

Addenbrooke's Hospital for 1836. Trans, vi. 361—377. 
By WiU. Whewell, M.A. (Trin.J : An account of the recent results of his 

researches respecting the Tides. 

AprU 17, 1837. 

By Leonard Jenyns, M.A. (Joh.) : On the temperature of the month of March 

last past. Phil. Mag, 1837, L 485. 
By Rob. Willis, M.A. (Qonv. and Cai.): Exhibition and explanation of a 

Tabuloscriptive Engine. Ibid. 
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May 1, 1837. 

By Art. Aug. Moore (Trio.) : Solution of a difficulty in the aualjas d 

Lagrange noticed by Sir W. Hamilton (read by Mr PeacockX TVuwl tl 

317—322. 
By Will. Whewell, M.A. (Trin.) : On the results of his Anemometer ffx the 

first three months of 1837. TVaw*. vi. 301—315. 
By Phil. Eelland, B.A. (Qu.): On the elasticity of the aether in crvstak 

Tram, vl 353—360. 

May 15, 1837. 

By Geo. Qreen (Qonv. and CaL) : On the propagation of an undulation in heaTj 

fluids in a canal of small depth and width. Trans, vi. 457 — 462. 
By Will. Hopkins, M.A. (Pet) : On the refrigeration of the earth, and on the 

doctrine of internal fluidity of the earth. 
By Hen. Moseley, M.A. (Joh.) : On the theory of the equilibrium of bodies in 

contact Trans, vi. 463 — 491. 
[By Will. Webster Fisher, M.B. (Down.) : On Spina bifda, PkiL Mag. 1837, 

l486.] 

November 13, 1837. 

By Car. Jeflrevs, M.A. (Joh.) : Exhibition and explanation 61 the KesfNiator 

invented by his brother. 
By Professor Sedgwick : On the geology of Chamwood Forest and the neigii- 

bouring coalfields. 

Noveinber 27, 1837. 

By Geo. Qreen (Gonv. and CaL) : On the vibration of air. Trans, vi. 403— 

413. 
By WilL Hopkins, M.A. (Pet): On certain elementary principles of geological 
theory ; and on Professor Babbage's speculations. 

December 11, 1837. 

By Geo. Green (Gonv. and Cai.) : On the reflexion and refraction of light in 

non-ciystallised media. T^ans, vii. 1 — 24. 
By Ri. Wellesley Rothman, M.A. (Trin.) : On the observation of Hallejs 

comet in 1836. Trans, vi. 493—506. 
By WilL Hopkins^ M.A. (Pet) : On Precession and Nutation, assuming tbe 

interior fluidity of the earth. 

February 26, 1838. 

By Dav. Tho. Ansted, B.A. (Jes.) : On a new genus of fossil shells. Trams, vl 

415—422. 
By Aug. De Morgan, B. A. (Trin.) : On a question in the theory of probabilitieB. 

Trans, vi. 423—430. 
By Dan. Cresswell, D.D. (Trin.) : On the squaring of the circle. 

March 12, 1838. 

By PhiL Kelland, M.A. (Qu.) : On molecular attraction. Trans, vu. 25 — 59. 
By Professor Henslow : On plants brought by Mr Darwin from Keding 
Island. 

March 26, 1838. 

By Geo. Biddell Airy, M.A. (Trin.) : On the intensity of light in the neighboor 

hood of a caustic. Trans. VL 379 — 402. 
By Professor Challis : On the proj^^r motions of the stars. 
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April dO, 1838. 

By Ri. Potter, B.A. (Qu.) : On a new correction in the construction of the 
double achromatic object-glass. Trans. VL 553 — 564. 

By Will. Hen. Trentham, M.A. (J oh.) : On the expansion of a polynomial. 

By Hen. Joh. Hayles Bond, M.D. (Corp.): Statistical report on Addenbrooke's 
Hospital for 1837. Trans, vl 565—575. 

By Pet. Bellinger Brodie, B.A. (Trin.) : On the occurrence of recent land and 
fresh-water shells with bones of some extinct animals in the gravel near 
Cambridge ; communicated by Professor Sedgwick. Trans, viiL 138 — 
140. 

May 14, 1838. 

By Joh. Tozer, B.A. (Gonv. and Cai.) : On the application of mathematics to 
calculate the effects of the use of machinery on the wealth of a com- 
munity. TVans. vi. 507 — 522. 

By Duncan Farquharson Gr^ory, B.A. (Trin.) : On the real nature of 
symbolical algebra. 

By Professor Miller : On measures of spurious rainbows. 

J/ay 28, 1838. 

By Professor Miller : An accoimt of experiments illustrating the unequal 

expansion of crystals by heat. 
By Ri. Tho. Lowe, M.A. (Chr.). On the Botany of Madeira*. Trans, vi. 523 

—551. 

November 12, 1838. 
By Professor Whewell : On certain rude kinds of architecture. 

November 26, 1838. 

By Duncan Farquharson Gregory, B.A. (Trin.) : On the logarithms of 

negative quantities. 
By Professor Henslow : On the formation of mineral veins, illustrated by a 

specimen. 

December 10, 1838. 

By Hamnett Holditch, M.A. ^Gonv. and Cai.) : On rolling curves (com- 
municated by Professor Willis). Trans, vii. 61 — 86. 

By Ri. Wellesley Rothman, M. A. (Trin.J : On the climate of Italy. 

By Ri. Tho. Lowe, M.A. (Chr.) : An additional note on the Flora of Madeira. 

By Professor Henslow: On the structure of wasps' nests, illustrated by 
specimens. 

February 18, 1839. 

By Ri. Wellesley Rothman, M.A. (Trin.) : On the climate of Italy (concluded). 
By Ri. Potter, B.A. (Qu.) : On the determination of the value of (X), the 

length of an undulation of light. 
By Geo. Green, B^ (Gk)nv. and Cai.) : Appendix to a former paper on waves, 

read 15 May, 1837. Trans, vii. 87— 9 \ 

March 4, 1839. 

By Will Hopkins, M.Al. (Pet.) : On the geology of England and France in the 
neighbourhood of the Channel. 

1 This paper is not mentioned in the Minutet. The date assigned to it is derived from tlia 
TransaOioni, 
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March 18, 1839. 

By Sam. Earushaw, M.A. (Job.) : On the equilibrium of a system of |)articleft. 

TVang. VII. 97—112. 
By Qeo. Biddell Airy, M.A. (Trin.) : On the diurnal changes of the vaiiatioD 

of the magnetic needle. 

April 22, 1839. 

By Duncan Farquharson Gregory, B.A. (Trin.) : On photogenic drawings. 
By Professor Sedgwick : On me geology of Cornwall and Devon. 

JTay 6, 1839. 

By Professor Miller : On the calculation of bales, according to Fraunhofer's 

theory. 
By Geo. Green : Note on reflection and refraction. Trans, vil 113 — 120. 
By Duncan Farquharson Gregory, B.A. (Trin.) : On chemical classification. 

J/ay 20, 1839. 

By Geo. Green, B.A. (Gonv. and Cai.) : On the motion of light through crys- 
tallised media. Trans, vii. 121 — 140. 

By Dav. Tho. Ansted, B.A. (Jes.) : On the tertiary formations of Switzerland. 
Tratis. VII. 141—152. 

By Professor Whewell : An account of observations made with his Anemo- 
meter since May, 1837. 

November 11, 1839. 

By Professor Whewell': On a new theory of the Tides. PkH Mag. 1839, 
ii. 476. 

N<yoember 25, 1839. 

By Professor Sedgwick : On the geology of northern Germany, east and west 
of the Rhine. 

December 9, 1839. 

By Aug. De Morgan, B.A^ (Trin.) : On the foundations of Algebra. Trans. 

vn. 173—187. 
By Dav. Tho. Ansted, B.A. (Jes.) : On the geology of the Transition Bocks in 

the north-east of Bavaria and the Principality of Reuss. 
By Will Webster Fisher, M.B. (Down.) : On the malformation of certuo 

parts of the nervous system. 

Maarch 2, 1840. 

^Y Geo. Biddell Air^, M.A. (Trin.) : On a new construction of the Going 
Fusee, applied m the Northumberland telesoopa Trans, til 217— 
277. 

By Ch, Pritchard, M.A. (Job.) : On the achromatism of the telescope. 

March 16, 1840. 

By Aug. De Morgan, B.A. (Trin.) : On the foundation of algebra. 
By Jon. Tozer, M.A. (Gonv. and Cai.): On some doctrines of Political 
Economy. Trans, vu. 189—196. 

March 30, 1840. 

By Phil. Kelland, M.A. (Qu.) : On the quantity of light intercepted by a 
grating placed before a lens. Trails, vil 153—171. 
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Ifay 4, 1840. 
By PhiL Kelland, M.A. (Qu.) : On the Law of molecular attraction. 

May 18, 1840. 

By Dav. Tho. AnBted, M.A. (Jes.): On the Green Sandstone formation of 

Blackdown, Devon. 
!By Professor Miller : On the structure of the Heliotropes of Gauss, Steinheil, 

and Schumacher. 

June 1, 1840. 

By WilL Hopkins, M.A. (Pet) : On certain geological phenomena of elevation, 
and their connection with the formation of volcanoes. Phil, Mag, 1840, 
ii. 164 

November 16, 1840. 

By Boderick Impe^ Murchison : On the geology of Russia. 
By Geo. Biddell Airy, M. A. (Trin.) : On an optical fact, and its explanation 
on the undulatory theory. 

November 30, 1840. 
By Professor Henslow : On the diseases of wheat. 

December 14, 1840. 

By Aug. De Morgan, B. A. (Trin.) : On the composition of forces. 
By Professor Whewell : On the equilibrium of oblique arches. 

February 22, 1841. 

By Professor Whewell : Additional remarks on oblique arches. 
By the same : Is all matter heavy ? Trans, viL 197—207. 

March 8, 1841. 

By Joh. Tozer, M.A. (Gonv. and Cai.) : On some mathematical formulsB for 
determining the permanent effects of emigration and immigration on 
numbers. Phil, Mag, 1841, i. 318. 

March 22, 1841. 
By Professor Miller ; On supernumerary rainbows. Trane, vn. 277 — 286. 

April 26, 1841. 

By Professor Challis : On the resistance of air to a pendulum with a spherical 
bob. Trans, vii. 333—353. 

May 10, 1841. 

By Professor Willis: On the arrangement of the joints of crustaoeous 

animals. 
By the same : On the original nomenclature of Gothic mouldings. 

May 24, 1841. 
By Professor Challis : On a new kind of interference of light. 

November 15, 1841. 

By Professor Sedgwick : An account of the comparative classification of the 
older strata in the British Isles, 
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November 29, 1841. 

By Aug. De Morgan, M.A. (Trin.): On the foundation of algebra. Trau. 

vn. 287—300. 
By Jos. Power, M.A. (Trin. Hall) : On the late accident on the Br^tm 

railway. Tram, viL 301—317. 
By Joh. Fre. Stanford, B.A. (Chr.) : On a newly invented locomotive. 

December 13, 1841. 

By Will. Hopkins, M.A. (Pet.) : On the forms of the isothermal surfaces withm 
the earth ; and on the thickness of the earth's solid crusty supposing the 
central portion to be fluid. 

By Aug. De Morgan, B.A. (Trin.) : On the foundation of algebra (continued). 

February 14, 1842. 

By Rob. Leslie Ellis, M.A. (Trin.) : On the foundations of the doctrine of 
chances. Traru, vm. 1---6. 

Fehraary 28, 1842. 

By Rob. Leslie Ellis, M.A. (Trin.) : On the doctrine of chances (concluded). 
Trans, vin. 1—6. 

March 14, 1842. 

By Mr Taplin : On the solution of a cubic equation. 

By Professor Whewell (Master of Trinity College) : Are cause and effect 
simultaneous or successive ? Trans, vn. 319-— 331. 

Apra 11, 1842. 

By Professor ChaUis : On the differential equations of fluid motion. TVmuL 

VII. 371—396. 
By Professor Owen : On the fossil remains of a new genus of Saurians called 

Rhynchosaurus, discovered in the New Red Sandstone of Warwickshire: 

Trans, viL 356—369. 

April 25, 1842. 

By Matth. O'Brien, M .A. (Gonv. and Cai.) : On the propagation of luminous 
waves in the interior of transparent bodies. Trans, vii. 397 — 437. 

By Geo. Gabriel Stokes, B.A. (Pemb.) : On the steady motion of inoompreasiUe 
fluids. Trans, vn. 439-^53. 

May 9, 1842. 

By Professor Eelland : On the motion of glaciers. 

By the same : On the laws of fluid motion. 

By Jos. Power, M.A. (Trin. Hall) : On fluid motion. Trans, vn. 45&-464 

By Professor Miller : An account of the Dtoptrische UfUersuchitngen of Gaosa. 

November 14, 1842. 

By Professor Fisher : On the development of the spinal ganglia in A.iiim^ft, 
and on the malformation of various portions of the nervous systoii 
in Man. Phil. Mag, 1842, ii. 485. 

November 28, 1842. 

By Matth. O'Brien, M.A. (Gonv. and Cai.) ; On the intensity of reflected and 
refracted light, the absorption of light, and the stability of the luminoQs 
aether. Trans, viii. 7 — 26. 
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December 12, 1842. 
By Will Hopkins, M.A. (Pet.) : On the glaciers of the Bernese Alps. 

February 20, 1843. 

By Art. Cayley, B.A. (Trin.): On some properties of determinants. Trarie, 

VIII. 75 — 88. 
By Matth. O'Brien, M.A. (Gonv. and Cai.) : On the absorption of light by 

transparent media. Trans, vni. 27 — 30. 

March 6, 1843. 

By Professor Challis : On a new general equation in Hydro-dynamics. 

Trans, vm. 31 — 43. 
By Geo. Kemp, M.B, (Pet.) : On the nature of the biliary secretion : to shew 

that the bile is essentially composed of an electro-negative body, in 

chemical combination with one or more inorganic bases. Trane. viir. 

44-49. 

March 20, 1843. 

By Professor Sedgwick : On Professor Owen's memoir on the skeleton of the 
Mylodon ; and on the structure and habits of certain extinct genera of 
gigantic Sloths. 

May 1, 1843. 

By Professor Challis : On the comet of 1843. 
By Will. Williamson, M.A. (Cla.) : Two letters on the same subject. 
By Will. Hopkins, M.A. (Pet.) : On the motion of glaciers. Trans, vm. 
50—74. 

May 16, 1843. 

By Hamnett Holditch, M.A. (Gonv. and Cai.) : On small finite oscillations. 

Trans, viii. 89—104. 
By Professor Willis : On the vaults of the Middle Ages. 

May 29, 1843. 

By Geo. Kemp, M.B. (Pet.) : On the relation between organic and organized 
bodies ; with some remarks on the theory of organic combinations as 
proposed by Laurent. 

By Geo. Gabriel Stokes, B.A. (Pemb.) : On some cases of fluid motion. 
Trans, vin. 105—137. 

October ZO^ 1843. 

By Will. Hopkins, M.A. (Pet.) : An account of the lai^ge reflecting telescope 
which the Earl of Rosse is now constructing ; with an account of the 
manner in which its 6 feet speculum has been prepared. 

November 13, 1843. 

By Professor Sedgwick : An account of the structure and relations of the 
slate rocks of North Wales. 



Between 1831 and 1843 the Proceedings of the Society were reported — 
somewhat irregularly — in the Philosophic Magazine. The notices, as a 
general rule, are extremely brief ; but I have thought it worth while to add 
references to those papers that are not printed in uie Society's Transactions 
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whenever the abstracts give details. Moreover, this Journal preserres the 
titles, and brief abstracts, of four papers not noticed in the Minuter of the 
Society. These I have included between square brackets. They belong to 
the meetings held May 12, December 8, 1834 ; May 15, 1837. 



P. S. Since writing the above sketch, I have discovered that a somevfajit 
similar scheme for the establishment of a Philosophical Society had been 
projected in 1782. " The death of some persons interested in the plan, and 
several accidents, occasioned the scheme to be postponed till Februanr 18th, 
1784,'' when Professor Milner, Mr Farish, and some others "associaiea them- 
selves imder certain laws and regulations." They were presently joined bj 
several of the most distinguished men in the University, among whom oocors 
the illustrious name of Person, and a volume of '* Tracts, Philosophical aztd 
Literary, by a society of eenUemen of the University of Cambridge" was 
projected, but never publisned, though two of the contributions were printed 
''This little society of learned men, not being adequately supported, vas 
dissolved about the close of the year 1786^" One promoter at least of this 
noble, though imsuccessful, attempt, Mr Farish, Jacksonian Profeaaor from 
1813 to 1837, became a member of the Philosophical Society. 

1 This infomutkm la derired from : Menunrt of Jolm Martj/Hf F.KJS., and q/* Thomas Maripti, JUL. 
F.RJS., F.L.S., Prufator* of Botany in the UnivertUp of Cambridge. By O. C. Gorfaun. Sra. Load, 
and Cambi 1880, p. 166. 
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NOTICES. 

1. A limited number of complete sets of the first Ten 
Volumes (thirty parts and index) of the Transactions is m 
stock ; sets may be obtained on application to the Secretaries 
of the Society at the University Press, Cambridge. The price 
is £20 a set. 

 

2. Vol. XV. Pt. II. of the Transactions will shortly be pub- 
lished. It jvill contain the following memoirs : 

I. Mr C. Chree, On some Compound Vibrating Systems. 
II. Mr H. W. Richmond, On PascaVs Hexagram. 

Fellows will obtain their copies on application to 
The University Press, Cambridge. 

3. Vol. XIII. Pt. IV., containing Dr Glaisher's Tables, with 
the Index and Table of Contents to Vol. xill., is in the Press. 

4. Some copies of Vol. VI. Pt. ill. were issued without the 
Plate containing Figs. xil. — xix. of Professor Moseley's paper on 
"The Theory of the Equilibrium of Bodies in Contact." This 
Plate will be supplied on application to the Secretaries. 

5. The card of the Meetings of the Society during the 
ensuing year will be sent in October to each Fellow of the 
Society. Non-resident Fellows who desire to have the printed 
notices of the separate meetings sent to them are requested to 
apply to the University Press at the beginning of the Session. 
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